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PREFACE TO THE FIRST GERMAN EDITION. 

The problems which are to be solved in the construction of 
apparatus for evaporating, condensing and cooling, are inti- 
mately connected with the laws of the transfer of heat. 
Although, generaUy speaking, these physical laws can be 
regarded as known, yet reliable knowledge of the practical 
coefficients, applicable in each of the many different cases, is 
often wanting. Without these coefficients the constructing 
engineer cannot work. Numberless experiments have been 
conducted by more or less competent observers to supply this 
want, but their results are scattered through the literature, 
were often obtained only for very special cases, and occasion- 
ally without regard to all the prevailing conditions. Many 
have been kept secret by their discoverers as valuable prizes. 

The very excellent work published by Professor Molier at 
the instance of the Verein deutsch&r Ingenieure in the Zeitschrift 
des Vereines deutscher Ingenieure, 1897, Nos. 6 and 7, in which 
the present condition of our knowledge of these relations is 
very clearly displayed, does not give figures directly applicable 
in practice, which indeed was not its object. 

For this purpose new experiments on the large scale are 
necessary, which shall take into consideration all the working 
conditions, and, in particular, the absolute dimensions of the 
heating surfaces. Recently the Verein deutscher Ingenieure has 
turned its attention to this question. Its competence and 
ample funds permit us to anticipate the best success. 

In the construction of evaporating and cooling apparatus 
other questions arise, which at present cannot be answered by 
a knowledge of the processes based on accurate and many-sided 
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iv PBEFACE TO THE FIRST GERMAN EDITION. 

researches — for example, as to the pressures exerted by rarefied 
and compressed gases and vapours on floating drops, the resist- 
ance due to the friction of rarefied vapours in wide pipes, etc. 

It is very desirable that these gaps should at once be fiUed 
by orderly and reliable researches available for the requirements 
of the whole industry. 

But before these wishes can be fulfilled, all varieties of 
apparatus of this order must be built, and since to the author's 
knowledge there is no book in which, so far as it is possible, 
most of the questions and conditions relating to evaporation (in 
particular, the chief dimensions of the apparatus and the effi- 
ciency to be anticipated) are treated in a connected manner for 
practical purposes, an attempt to supply the deficiency has been 
made in the following pages. 

In this task the generally available material, also very valu- 
able communications from well-disposed friends, and, finally, 
the experience and experimental results of long practice, have 
been employed. 

It lies in the nature of the circumstances indicated above 
that much of these explanations must have a hypothetical 
character, which the friendly reader must remember. 

Lack of time wiU often prevent an engineer who is not 
quite at home in this branch from seeking, by a long study of 
the literature, the examples which are at once required, and from 
making long calculations. On this account, wherever it ap- 
peared advisable, tables have been introduced, which contain 
easily ascertained answers to certain definite questions arising 
from many cases. These tables also have the advantage of 
affording a clear insight into the alterations produced by varia- 
tions in the data of the problem, which advantage constructors 
know well how to prize. 

In view of the extreme variety of the apparatus and machines 
used in the industry, the constant and rapid changes of its re- 
quirements, and also its rapid progress, a complete treatment of 
all possible cases cannot well be attained. 

The constant motive in writing this treatise has been the 
desire to provide as complete and reliable assistance as possible 
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for the solution of the problems of the construction and working 
of apparatus for evaporating, condensing and cooling. If this 
desire has not been quite fullBlled, the book will perhaps be 
regarded as a useful foundation for further endeavours. 

There now remains the pleasant duty of expressing thanks 
to all the friends who have helped to enrich the contents of this 
work by communicating the results of experience, and to the 
publisher for the worthy appearance of the book. 

THE AUTHOR. 

Berlin, August, 1899. 



PREFACE TO THE SECOND GERMAN 
EDITION. 

A SECOND editdon of this work has become necessary in so 
short a time after the appearance of the first, that there has 
been no opportunity for extensive alterations 

Apart from small corrections, which arise in part from 
friendly criticisms, the present edition is an unaltered reprint 
of the first. May this also participate in the favourable reception 
offered to the former. 

THE AUTHOR. 

.Berlin, April, 1900. 



TRANSLATOR'S PREFACE. 

The need for a book of this nature, which is sufficiently 
indicated in the author's preface, is perhaps not less in 
England than in Germany. It may therefore be permissible 
to hope that the translation will approach the success of the 
original. A number of misprints contained in the German 
edition have been removed and the proof-sheets have been 
submitted to the author, who has made certain additions 
and corrections. I trust therefore that the book may be 
found reliable and accurate. 

A. C. WEIGHT. 

December, 1902. 
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39-37 



Weight. 

1 gramme = 15^44 grains. 
28^ grammes = 1 oz. avoird. 
1 kilogramme = 1,000 „ = 2-20 lb. avoird. 

Length. 
1 metre = 100 centimetres = 39^37 inches. Roughly speaking, 1 metre = a 
yard and a tenth. 1 centimetre = two-fifths of an inch. 1 kilometre — 1,000 
metres = five-eighths of a mile. 

Volume. 
1 cubic metre = 1,000 litres =s 35*32 cubic feet. 1 litre = 1,000 cubic centi- 
metres = -2202 gall. 

Heat. 
1 calorie = 3^96 British thermal units. 



COMPARISON BETWEEN FAHRENHEIT AND 
CENTIGRADE THERMOMETERS. 



c. 


F. 


C. 
5 


F. 


C. 


, F. 

1 


C. 


F. 


C. 


F. 


-26 


-13 


41 


25 


77 


65 


149 


105 


221 


-20 


-4 


8 


46-4 


30 


1 86 


70 


158 


110 


280 


-17 


1-4 


10 


50 


35 


95 


75 


167 


115 


239 


-16 


5 


12 


58-6 


40 


104 


80 


176 


120 


248 


-10 


14 


15 


59 


45 


113 


85 


185 


125 


267 


- 5 


23 


17 


62-6 


60 


122 


90 


194 


130 


266 





32 


18 


64-4 


55 


1 131 


95 


203 


135 


275 


1 


33-8 


20 


68 


60 


140 


100 


212 


140 


284 



by 9. 



To Convert :- 
Degrees G. to 
F. to 



F., multiply by 9, divide by 5, then add 32. 
C, first subtract 82, then multiply by 6 and divide 
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AtmoB. = atmoepheres. 
ai = volume, in litres, of 1 kilo, of air. 
a = coefficient of expansion of air. 
B = height of the barometer in metres 

of water. 
b = height of the barometer in mm. of 

mercury. 
J 



$ = the ratio 



V, 



_ useful volum e of the air-pump 
volume of vessel 

C = calories. 

Ce = n in condensing. 

C« = „ „ heating. 

Ck — „ „ cooling. 

Ci — Ct + C, calories removed by air. 

C» - calories in evaporating. 

Ch C//, Crrtt Cir = losses of heat, in 
calories, by the elements of the 
quadruple-effect evaporator. 

c = totiU heat in 1 kilo, of water vapour. 

Cj, c,, C3, C4 = heat in 1 kilo, of steam in 
the elements of the quadruple 
evaporator. 

Dia. = diameter. 

D = weight of steam, in kilos. 

Dt = total weight of extra steam in 
the multiple evaporator. 

d = diameter in metres. 

A = diameter of the condenser. 

S = thickness of a plate of metal, 
film, jet or drop of water, in 
mm. 

V, _ dead space 
J "" useful volume 
the air-pump. 

e = weight of extra steam, in kilos 
withdrawn from the elements 
of the multiple effect evapora- 
tor. 

E = weight of ice in kilos. 



= the ratio ' = - 



of 



1} - depth, in mm., to which heat 

penetrates into a body of water. 
F = weight of a liquid, in kilos. 
Fk = „ of the cold liquid. 
F^ = „ of the warm liquid. 
G — „ of a drop in kilos. 
g = acceleration due to gravity. 
7d = weight, in kilos., of 1 cubic metre 

of steam. 
yi -2= weight, in kilos., of 1 c. metre of 

air. 
H = heating or cooling surface in sq. 

metres. 
H - height of the water-barometer. 
He = cooling surface for condensing. 
Ht = heating surface for warming. 
Hk = cooling surface for cooling. 
Hr = heating surface for evaporating. 
/( = vertical height (fall) in metres. 
h = head of water. 
h, - height of splash of evaporating 

liquids. 
J - space traversed by the piston of 

the air-pump. 
i = volume of a mass of water, in 

cub. mm. 
k = coefficient of transmission of 

heat, for 1 sq. m , 1 hour, 1° C. 
ke = coefficient of transmission of 

heat in condensing. 
kh = coefficient of transmission of 

heat in heating. 
kt =; coefficient of transmission of 

heat in cooling. 
kr =■ coefficient of transmission of 

heat in evaporating. 
ki = coefficient of transmission of 

heat between air and steam or 

water, 
kilo. = kilogram. 
L = weight of air in kilos. 



XXll 
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I = length in metres. 
^Z = ,=; of fall-pipe in metres. 
^ = coefficient of conduction of 
heat. 

\ = coefficient of friction in tubes. 

m. — metre. 

mm. = millimetre. 

n = number of holes in the per- 
forated plate. 

O = Burfifce in sq. metres. 

o = „ of a mass of water in 
sq. mm. 

P = pressure in kilos. 

1> = „ » M per sq. cm. 

Pa = M of the atmosphere. 

pe = final pressure in the vessel. 

Ph = pressure in the air-pump after 
n half strokes. 

Po = the lowest pressure which the 
air-pump can create. 

p, — pressure in the air-pump after 
equalisation of pressure. 

p^ = pressure in the air-pump after 
an infinite number of strokes. 

Q = section or plane surface in sq. 
m. 

q = section of a pipe in sq. cms. 

r = percentage of solids in a liquid. 

^v ^9» ^3« ^'4 = percentage strengths of 
the liquor in the elements of 
the quadruple effect. 

Tu = percentage strength of the eva- 
porated liquid. 

sq. cm. = square centimetre. 

sq. dcm. = „ decimetre. 

sq. m. = „ metre. 

8 = space traversed by a falling body 
in m. 

Sd = specific gravity of steam at con- 
stant pressure. 

s/ =r specific giavity of the liquid. 

Sw = space traversed by a drop under 
the action of a force. 

Sp = space traversed by a drop under 
the action of the force P. 

ffd := specific heat of steam. 

ct = jy M ,1 ice. 

«r/i = „ „ „ a liquid. 

0>^ = ,, „ „ a second liquid. 

^i = „ .1 M ftir &t constant 

pressure. 
cu — specific heat of the cold liquid. 
fft9 =■ n »• »» M hot „ 
^r - „ „ „ air at constant 

volume. 
T = absolute temperature. 
t = temperature in °C. 



ta = temperature at commencement. 

t, = „ „ end. 

id = M of steam. 

tf = „ „ liquid. 

t/u = ,) I, }, at the com- 

mencement. 

tfg = temperature of liquid at the end. 

t/k = „ n the cold liquid. 



^/m 



hot 

air at the 

commencement. 
tu = temperature of air at the end. 
/m = mean temperature. 
t^n = temperature of the cold liquid at 

the commencement. 
tt^ = temperature of the cold liquid at 

- the end. 
tu = temperature at the bottom of the 

evaporating apparatus. 
^» tit t^t t^, t^ — temperatures of the 

steam in the elements of the 

quadruple effect, 
^cm = mean increase in temperature. 
tte — mean increase in tempertiiture of 

a jet of water. 
ttk = mean increase in temperature of 

a drop of water. 
ttp = mean increase in temperature of 

a water surface (sheet). 
= temperature difference. 
Oa = n „ at the com- 

mencement. 
$9 = temperature difference at the 

end. 
0^ = mean temperature difference. 

Ome - i» >» », in 

condensing. 

0mA = mean temperature difference in 
cooling. 

0mi, 0...9. 0«3» *"M = ^^^ temperature 
differences in the elements of 
the quadruple effect. 

U = the residual weight of an evapo- 
rated liquid. 

Va = volume 01 the " equaliser " chan- 
nel of the air-pump. 

Vd = volumes of the steam in litres. 

Vf = ,» n ., liquid „ „ 

Vg^f = „ ,, «, steam and liquid 
in litres. 

Vg = volume of a vessel in litres. 

Vt = „ „ the air. 

V, = „ ,, „ dead spaces of the 
pump. 

Vw = volume of water in litres. 

V = velocity in metres. 

Vd = t, of the steam. 
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t?^ = velocity of a liquid. 

vj^ = „ ,, „ second liquid. 

vt = „ ,, the air. 

i'« = ,. „ a drop, 

r. =: „ „ the water. 

W = weight of water ia kilos. 

w = the weight of water evaporated 
by 1 sq. m. of heating surface. 



Bt = 

^» = 

Zm = 

X^ = 



=i loss of pressure df steam in pipes. 
^^ »» »» »» »» fliir/ ,, „ 
= time in hours. ^ 

= », „ seconds. \ 
= volumetric efficiency of the air- 
pump (adiabatic). 
volumetric efficiency of the air- 
pump (isothermal). 
I 



CHAPTEB I. 

THE COEFFICIENT OF TRANSMISSION OF HEAT, k, AND THE 
MEAN TEMPERATURE DIFFERENCE, »«. 

The unit of heat, the calorie, is the quantity of heat required to heafc 
1 kilo, of water through l"" G. The necessary numher of units of heat, 
or calories, in each case will be represented in what follows by the 
symbol C, 

The coefficient of transmission of heat is the figure which gives 
the number of units of heat (calories) which pass in one hour from a. 
warmer to a colder fluid through 1 sq. m. of the partition (or of surface,, 
in case of direct contact) when the difference in temperature between 
the warmer and colder fluids is 1° C. This coefficient is represented 
by k. Without a knowledge of this quantity the calculation of the 
necessary heating and cooling surface in any case is impossible. Its 
magnitude varies greatly in different cases, but unfortunately it has 
not been found for every case by exact experiment. It will be a part 
of our task to fix it for various conditions, according to known and 
reliable data or on the ground of the author's own observations, so far 
as the present state of knowledge permits. 

It is generally assumed that the transmission of heat between 
steam, gases and liquids, through metal divisions, is proportional to 
the difference in temperature between the substances on each side of the 
hot surface. However, the temperature of the substances themselves 
is not always the same at all parts of the hot surface, for high pressure 
steam loses a portion of its pressure and temperature towards the end 
of the hot surface ; gases or liquids in motion, heating or being heated, 
enter cold and leave hot. The differences in temperature, acting on 
one another, generally alter the temperature of one or both of the 
liquids under consideration. 

1 



2 BVAPOBATING AND CONDENSING APPARATUS. 

In the calculation only one temperature can be used and that is the 
mean ; hence it is necessary to ascertain what is the mean difference 
in temperature in each case between the heating and the heated sub- 
stance. The mean temperature difference is not perhaps always the 
arithmetic mean of the least and greatest temperature difference, that 
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Fig. 1. 



Is rather only to some extent correct when the least temperature 
difference is at least half as large as the largest. Thus, in general, the 
arithmetic mean between the smallest and largest temperature differ- 

.ences cannot be taken as the correct mean tempei*ature difference. 




Fig. 2. 



Let t^ denote the initial temperature, t^ the final temperature of 
the warmer liquid ; and t^^'the initial, tj^ the final temperature of the 
colder liquid. Then four separate cases may occur : — 

1. The warmer liquid has the constant temperature i^ = t^^ t^ 
and the colder liquid changes from tj^ to t^ (Fig. 1). 

2. The colder liquid has the constant temperature ^^^ s ^^ = t^ and 
the hotter liquid changes from t^ to t^ (Fig. 2). 



THE MEAN TEMPERATURE DIFFERENCE. 6 

3. Both liquids change in temperature ; they flow parallel to one 
another over the two sides of the hot surface (parallel currents) ; 
t^ changes to t^, and i^ to t^e (Fig. 3). 




Fig. 3. 

4. Both liquids change in temperature; they flow in opposite 
directions over the hot surface (opposite currents) ; the temperatures ' 
change as in 3 (Fig. 4). 




Fig. 4. 



The mean difference in temperature between the liquids is then, 
according to Grashof, Theoretische Maschinenlehre I, : — 



1. e,^ = 



tte- t^ 



2. e^ = 






<-- h 



logf=^ 



4. tf„ 



(1) 



(2) 



(3) 



(4) 



4 EVAPORATING AND CONDENSING APPARATUS. 

If 0^ =: the difference in temperature between the two liquids at 
the commencement, and 
$^ = the difference in temperature between the two liquids at 
the end, 
then it may at once be seen, by a glance at the four diagrams (Figs. 
1-4), that the four equations may be written ^ : — 

log I 

e„ = ^' (6) 

log| 

log^ 
0„ = ^' (8) 

The equations thus all become alike, by which the determination of 
the mean temperature difference for all cases is considerably facilitated. 

Now we may evidently express the smaller difference in tempera- 
ture as a fraction or percentage of the larger. If we suppose the 
larger temperature difference to be O^t which is manifestly permissible^ 
and the smaller ^«, then 

^• = ioo^- (^^ 

and the equation applicable in all cases then reads 

*" - , 100 <•"> 

By means of equation (10) we can obtain the mean difference in 
temperature 0^ between two fluids, each of which is occupied in 
modifying the temperature of the other, if the largest difference in 
temperature at their first contact, 6^.„ and the smallest difference in 
temperature at the end of contact, $^, are known^ by first determining 
what percentage of 0^ is the difference ^,. 



In Figs. 1>4 the character ^ is used in place of the % in the text. 
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Example, — In an opposite current condenser the cold liquid enters at 
^ = 10° C. and leaves at ^^ » 80° G. The hot liquid enters at t^ = 100° G. 
and leaves at ^ «= 50° G. ; what is the mean difference in temperature $„. ? 

The largest difference in temperature is <?« = 50° - 10° = 40° ; the smallest 
difference in temperature is •« - 100° - 80° ^ 20° ; thus 

^ . 100 X 20 -^ ^ * ^ ^ 

$g IS — j^ — = 60 per cent, of 0«, or |j = 50. 

Then««= ^^ =___ = 2886 G. 

^^50 
In Table 1 are given the values of the mean difference in tempera- 
ture 0^ for the case that the largest difference in temperature tf « = 1 
and the smallest 0^ = O'Ol^a to I'OO^a. In any individual case, in 
order to find the correct mean temperature difference, it is only 
necessary to multiply the proper figure of column 4 by the greatest 
temperature difference Ba of the particular case. 

The mean difference in temperature of two fluids in motion, 
engaged in an exchange of heat, may also be obtained in the following 
manner : — 

If we consider the whole heating or cooling surface (surface of 
separation) divided into n parts, in such a manner that the moving 
fluids are in contact with each part during an equal time (the nth part 
of the whole duration of contact z), then the increase in temperature 
of the colder fluid is directly proportional to the difference in tempera- 
ture in each division. 

If, in the first division, during the time — at the temperature 

difference tf., this difference is diminished by the part a?tf„ then kx 
the second division the diminution of the difference in temperature 
will be 

B^^{B^'xB:)x^xBX\-x) (11) 

In the third division the decrease in the temperature difference will be 
«2 = ^- - ^^a - xeX\ - a?) = xBS\ 'Xf , , , (12) 
Similarly, in the fourth 

B^^xBl\-xf (13) 

and in the last or nth layer 



6 EVAPORATING AND CONDENSING APPARATUS. 

Since in each division the increase or decrease of temperature is 
always only a fraction of the total difiference, it follows that in the 
last division only a part of the still remaining difference in tempera- 
ture will be removed, so that complete equahsation of the tempera- 
tures of the two fluids cannot occur according to this finite conception. 

If we suppose that the final difference in temperature between the 
liquids is 0^, then 0^ - 6^ is the sum of the diminutions of the tempera- 
ture difference produced in the n divisions. Thus 

^«-tf. = a;i9„{l + (l-a;) + (l-a:)2 + (l-ic)»+ . . . +(l-a;)"-i} (16) 
or, summing the geometrical progression, 

e^e, x{{l - x)' - 1} _ a;{(l - X)' - 1} _ (1 - a;)- - 1 
0^ ' {l-x)-l ~ - X ~ - 1 ^ ' 

^^""^"'•^ J=(l-^)" (17) 

(i-^)="VI (18) 

* = i-"7^; (19) 

The figure x (always a proper fraction) gives the fraction of 0^ by 
which the temperature difference has been diminished at the end of 
the first layer. 

As will be seen later, there is a reason for ascertaining the value 
of (1 - x) and for knowing the temperature difference even at the end 
of the first layer. These values are accordingly given in Table 1, 
columns 2 and 3. 

The value of $^ may be expressed as a percentage of ^«, thus in 

Table 1 the figures are given for -^ under the assumption of n = 100 

layers, which affords a very close approximation to reahty. 

After finding in this manner the diminution in the difference of 
temperature in the first layer, xO^, it is necessary to find the average 
temperature difference between the fluids during the whole period of 
the transference of heat. 

At the commencement of the uppermost layer the temperature 

difference « ^„ . . . . (20) 
„ „ „ „ „ next lower layer the tempera- 
ture difference = ^^ « ^^ - O^x 
= Bail -X) (21) 
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Table 1. 

The Mean Temperature Difference, 0„, between two liquids (or be- 
tween Bteam or air and liquid), which alter their temperatures 
during the exchange of heat. 
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Mean 


0* 






temp. 
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temp. 
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■^. 


'-■VJ 
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a. 


■4 
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djff., 
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00025 


0-9400 


0-0600 
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0-01596 
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0006 


0-9482 


0-0618 
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0-21 


0-98462 


001548 
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001 
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0-01503 
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0-03446 
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0-24 
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0-01417 
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0-96833 
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0-25 
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001377 
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0-02952 
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001198 
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001043 
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007 
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000912 
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At the commencement of the third layer the temperature differ- 
ence = ^2 = e,{l - xf . (22) 
„ „ „ „ „ last layer the temperature diQ&t- 

ence = d„ = ^„_i(l-x)-i (23) 
The sum of the temperature differences is thus 
S = ^.{1 + (1 - ic) + (1 - a:)« + (1 - a;)3 . . . + (1 - xy-^] (24) 
and the mean temperature difference is the nth part of this sum. 

e.{{i-xf-i] ^2 



«m 



«{(1 -x)-l\ 
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Inserting for (1 - a?)" the value from equation (17), we obtain 

$ 
Since -^ is always a proper fraction, the right hand side may be 

multiplied by - 1, thus giving 

) n n 

. . (27) 



<^-k) 



"O-Vy "('-Vi) 



The results obtained by calculating the mean temperature differ- 
ence by means of equation (27) differ very little from those given by 
equation (10). They are arranged in Table 1, column 4. 



CHAPTER II. 

PARALLEL AND OPPOSITE CURRENTS. 

Two liquids, gases or vapours, one of which is to transfer heat to 
the other, may be conducted either in the same or in opposite direc- 
tions over the surface of separation. If the two fluids move parallel 
to one another in the same direction, the condition is known as that 
of *' parallel currents ". 

If, however, they move in opposite directions the condition is 
that of " opposite currents ". 

In the case of parallel currents, the fluid to be cooled has its 
highest temperature at the commencement, the liquid to be heated 
its lowest temperature ; at the end the reverse is the case. 

In the case of opposite currents the fluid to be cooled and also 
that to be heated have their highest temperatures at one end, and 
their lowest temperatures at the other. 

In all cases the quantity of heat lost by one fluid is exactly the 
same as that gained by the other. 

If F„ is the weight and o-^ the specific heat of the originally hot 
fluid, Fjt the weight and o-^ the specific heat of the originally cold 
fluid, and, further, if t^ and t^ be the highest and lowest tempera- 
tures of the originally hot fluid and t^^ and t^ the highest and lowest 
temperatures of the originally cold fluid, then, always, 

F^<r^{t^ - t^) = F,<r,{t^ -^ tj) .... (28) 

Thus the weight of cooling liquid, F*, necessary to cool the weight 
F„ of the hot fluid from t^ to t^ is 

^*- -»(«»- u (^^^ 

In every definite case jP., <r», <r*, t^, t^, t^, are knoWn ; the out- 
flow temperature t^^ of the cooling liquid varies with its quantity, and 
this quantity is greater the lower t^, is. 
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In the case of opposite currents, the cooling medium may flow 
away at a temperature only slightly lower than the highest tempera- 
ture of the hot fluid. In the case of parallel currents the cooling 
medium must always run off at a temperature lower than the lowest 
temperature of the hot fluid. Thus t^ is always lower with 
parallel than with opposite currents, accordingly it follows that, with 
parallel currents, much more cooling liquid (generally water) must 
be used than with opposite currents. 

Similarly, in order to heat a cold fluid F^ by means of a hot fluid 
F„, much more hot fluid must be used with parallel than with 
opposite currents. 

In the case of parallel currents the greatest difference in tempera- 
ture occurs between the highest temperature of the hot and the 
lowest temperature of the cold liquid, the smallest difference in 
temperature between the lowest temperature of the warm and the 
highest temperature of the cold fluid. The flrst-named difference is 
the greatest which arises under any conditions, the second is always 
very much less, which is also the case with opposite currents. Since 
with opposite currents the highest possible temperature difference can 
never occur, it follows at once, in general, that the mean difference in 
temperature is greater with parallel than with opposite currents, and, 
consequently, that in the former case the necessary heating or cooling 
surface may almost always be smaller than in the latter case. An 
opposite current apparatus is thus always larger than a parallel 
current apparatus, but is cheaper to work, and in particular^ with 
similar materials, permits the attainment of the highest temperatures 
in heating apparatus and the lowest temperatures in cooling, which 
it is impossible to obtain with parallel currents. 

Heating and cooling apparatus should always be constructed for 
opposite currents. 

The following table (2) gives the dimensions of the hot surfaces 
necessary for cooling 100 kilos, of an aqueous Hquid from 100** C. to 
50^ 40°, 30°, 20° and 15° 0. by means of water at 10° C. The water 
is supposed to leave the parallel currents apparatus 5° below the 
temperature of the cooled Uquid, and the opposite current apparatus 
at 80° C. (i.e. J 20° below the temperature of the hot liquid). 

Let us now consider an opposite current apparatus, upon one side 
of which a liquid is cooled from 100° to 10°, whilst on the other side 
a larger quantity of another liquid of equal specific heat is heated 
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Table 2. 

Dimensions of the heating surfaces with parallel and opposite 

currents. 



Final 
temp, 
of the 
cooled 
liquid. 


Parallel Currents. 


Opposite Currents. 


Final 
temp, 
of the 
cooling 
water. 

^0. 


Quantity 

of 

cooling 

water. 

Litres. 


1 
«„. 1 Sq. m. 


Final 
temp, 
of the 
cooling 
water. 

°C. 


Quantity 

of 
cooling 
water. 

Litres. 


Mean 

temp. 

diff. 


Cooling 
surface. 

Sq. m. 


60 
40 
30 
20 
15 


45 
35 
25 
16 
12 


140 

240 

466 

1600 

4260 


29-7 

* tt 
it 
ft 


0-7 

0-8 

0-9 

105 

115 


80 

ft 

n 
ji 
tt 


72 

86 

100 

115 

122 


29 

24-6 

20 

14-5 

10-88 


0-70 
0-95 
1-35 
2-20 
310 



from 5° to 50'*, the rates of flow of the two liquids being constant 
but unequal. Fig. 5 gives a representation of the proportion of 
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Fig. 5. 



the sections of the cooling surface. In order to carry over equal 
quantities of heat in each section, those sections, which He between 
small differences in temperature, must be much larger than those 
which lie between large differences in temperature. 



CHAPTER III. 

APPARATUS FOR HEATING WITH DIRECT FIRE. 

Installations for heating with a direct fire are described in detail 
in many excellent works ; in this place only a few important remarks 
will be briefly recapitulated. 

The weight of fuel burnt upon a certain grate in a definite time, 
the quantity of useful heat obtained therefrom, and that which passes 
through 1 sq. metre of the hot surface to be heated, the temperatures 
•of the gases produced — ^in fact aU the conditions, actions and results 
of a heating apparatus — are very variable, depending on the demands 
made upon it, the skill with which it is tended, and the quality of the 
materials. This is the more true, the smaller the apparatus. 

Since there is no intention to treat of firing in detail, the data 
collected in Table 3 must be regarded merely as useful landmarks. 

The quantity of heat passing in one hour through 1 sq. m. of boiler 
surface increases in direct proportion with the difference in tempera- 
ture between the liquid and the flue gases, and also probably with 
the square and cube root of the velocity with which the liquid and 
&\ie gases respectively pass along the wall. It diminishes, however, 
with the growth of the coating of soot and dust on the outside of the 
heating surface and of boiler-scale on the inside. 

The mean difference in temperature is naturally less, and the 
transmission of heat per hour through 1 sq. m. correspondingly less, 
the colder the flue gases leave the boiler, but the economy in fuel 
is then proportionately greater. 

The true coefficients of transmission for this case are not yet 
known with sufficient accuracy ; many and varied experiments (which 
are still lacking) would be required to determine them. But a know- 
ledge of these figures would not be of very great service, since the 
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conditions which hinder the transmiBsion of heat are very numerous 
and variable, and cannot be accurately taken into account either 
before or after construction. Thus it is necessary to be satisfied 
with applying the results of practical observations. 

If £^ be the coefficient of transmission of heat, which gives the 
ntimber of units of heat (calories) passing through 1 sq. m. in one hour 
with the total difference in temperature, then we may reckon that with 
steam boilers K = 8,000 to 12,000 calories ; in the mean, K = 9,000 
calories. 

For heating surfaces, on which the liquid is not boiled, surrounded 
by the gases of combustion, K = 6,000 to 10,000 calories; in the 
mean, K = 7,000 calories. 

In the case of very small boiler surfaces, transmission of 18,000 - 
20,000 calories may occur, yet this high efficiency causes wet steam, 
and does not generally result in economy of fuel. 

Eesearches on the transmission of heat from flue gases and air to 
water which does not boil have been performed by Joule and Ser ; 
they show that the transmission is probably proportional to the 
square root of the velocity of the gases or air, v„ and that the 
coefficient hi for clean wrought-iron pipes is approximately 

A;, = 16 n/i^ to A;, = 19 ^A5i (30) 

Having regard to the coating of the heating surface with sub- 
stances which hinder the transmission of heat, which always occurs 
in practice, we shall assume for this case the coefficient of transmission 

A:, = 2 + 10 V^ (31) 

in so far as it refers to pure air. If the liquid is heated by flue gases^ 
on account of the greater amount of coating in unfavourable cases, it 
is necessary to take 

k,^2 + 5s/^, (32) 

In the mean, for this case, ki may be taken as about 13. 

By means of this figure the following small table (4) has been 
calculated ; it shows how large the heating surface must be in order 
to heat in the boiler-flue, in one hour, 100 litres of water from lO'' or 
16" to 80° or 130"* C, when the flue gases reach the economiser at 
a temperature of S(XfA(Xf C. and are there cooled to 160** or 300° by 
giving out heat. 
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Table 3. The Properties of 



1 



12 



I 






31 



o 
a 



Weight of 1 cub. m. - - kilos. 

Temperature of the flame ° C. 

Temperature with a double 

quantity of air- - - "^.C. 



y calories 



1 kilo of fuel theoreti- 
cally evolves 
Useful heat from 1 kilo, calories 
Theoretical quantity of |cub. m. 

air for 1 kilo, of fuel/ kilos. 
Quantity of air required |cub. m. 

for 1 kilo, in practice J kilos. 
Theoretical vol- \ cub. m. at 0° C. 

ume of gas J- 

from 1 kilo. J „ at 300° 0. 
Carbonic acid in flue gas - - 
Quantity burnt \ kilos, per hour 

upon 1 sq. m. r 

of grate J average 

Batio of openings to total grate 

surface 

Thickness of the burning) _ 
1 ^ Vm. m. 

layer J 

Resistance to the draught \ 
caused by the fuel f^-^- 

Ash per cent. 

1 sq. m. of heating surface) 

requires a grate of j ^- °^• 
l sq. m. of heating surface eva- 
porates kilos, of water per hour 
1 kilo, of fuel evaporates kilos. 

of water 

Speed of gases in\^ ^^^ ^^^ 

Section of flue- - - -sq. m. 
Section of chimney - - sq. m. 
Height of the chimney - - m. 
Temperature of the flue\o q 



370- 1260- 

465 1 380 
1969 i 2149 

800- 1900- 
1000 1 1200 

2820 ! 3550 



610- 

700 
2357 

900- 
1200 

4450 



740 

2595 

1000- 
1300 

6600 



2664 

1000- 
1300 

7500 



60-80 per cent, of the theoretical 
- - - - - - 7.7Q 

10-8 
15-56 
21-6 
8-20 



3-46 


404 


4-88 


6-97 


4-65 


5-30 


6-34 


9-6 


6-92 


808 


9-76 


13-95 


9-3 


10-60 


12-68 


19 


4-20 


4-769 


6-44 


7-42 


8-82 


9-928 


11-44 


15-69 



17-24 



70- 
120 
100 



1 1 
250 



1-4 
1-1-5 



1 1 



10-14 per cent. 



80- 
120 
100 


100- 
200 
150 


1 1 


I 1 


200 


150 


1-4 


1-4 


1-5 


5-10 




T5's\r 



50- 1 50- 
120 120 



75 



1 1 

5'T 



75 



1 1 



100 . 100 

I 

5-12 I 5-12 

3.4 I 3-4 



1 1 I 1 I 



15-20 kilos. ; average, 

2-5-3-5: 1-5-3 I 2-4-5 1 5-5-10; 55-10 

3-4 metres per sec. — 

decreasing from 0*375- 

i of the grate | \ of the grate 

at least 16 metres, 

250"*- 
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Certain Fuels. 



Table 3. 
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— 


— 


— 


— 


— 
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10000 


— . 
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11-5 

1609 

23 
8-43 


0. 0. of 

8-49 
12-5 
16-98 
25 

8-74 


the thee 
7-441 
9-7 

14-88 

19-4 
804 


>retical 
801 

10-30 

1608 

20-6 
8-42 


— ^ 


— 


10700 

90ii«roeiit.Ie« 
tbAubyooftl 


lcm.=OSOO 

12 
16 

Mpcr 
o«b. III. 

13-6 


3600 


17-71 

50- 
120 
75 


18-38 

10-14 p 

26-60 

35-40 


16-89 

er cent. 

35-80 

60 


17-70 


— 





— 


27-6 


— 


i-i 


H 


H 


— 


— 


— 





— 


— 


100 


100 
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— 


— 


— 


— 


— 


— 


5-12 


— 


— 


— 


— 


— 





— 


— 


3-4 


2 


5-6 

30 TV 


2-5 


Straw 
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bark 





— ^ 


— 


18 kUos. 


— 


— 


— 


— 


1 litn of 
water from 


— 


5-5-101 5-5-10 1 4-5-8 
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1-6-2 
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otherwise 25 times the diame 


ning to 
ter of t 


0-26 at 
be top 
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Table 4. 

Heating surface, Hy required to heat 100 kilos, of water in one hour 
in the boiler-flue from 10° to 80°-130" C. 



Water heated 


Temperaf 


>ure8 of the flue 


gases. 




from 


to 


At entry 

At exit .... 


300° 
160° 


260° 
200° 


400° 
260° 


460° 
300° 


W 


80° 


Temp, difference, $„ 
Heating surface, H- 


176° 
308 


226° 
2-39 


268° 
20 


329° 
1-7 sq. m. 


10° 


100° 


Temp. difference, 6^ 
Heating surface, H- 


170° 
407 


217° 
3-2 


26r 
2-65 


316° 
2-0 sq. m. 


10° 


110° 


Temp. difference, 6„ 
Heating surface, H- 


164° 
4-7 


213° 
3-6 


261° 
2-89 


312° 
2-43 sq. m. 


10° 


120° 


Temp. difference, 6„ 
Heating surface, H- 


160° 
5-29 


207° 
412 


267° 
3-3 


311° 
2-70 sq. m. 


10° 


130° 


Temp. difference, B„ 
Heating surface, H- 


153° 
603 


206° 
4-48 


254° 
3-7 


3or 

30 sq. m. 



Example,— -la order to heat 100 litres of water from lO"* to 100^ C, 100 (100 - 10) 

= 9,000 units of heat are required. The flue gases enter the economiser at 900^ 

and leave at 150"" C/, so that the temperature difference is at first 800- 100=^=200'', 

140 
and at the end 150 - 10 = 140° ; thus, in the mean, since ^^ = 0*7, 9m » 168*6*" 

(Table 1). The necessary heating surface is therefore 

„ 9000 9000 .^ 

^ = 5-^7 = TEoa — To = ^*07 sq. m. 
$mki 168*6 X 13 ^ 

Observation (Zeits. d. V. d. I., 1888, 438).— 5,197 litres of water per 
hour were forced with a velocity of 01 18 m. through six parallel iron 
pipes of 51 mm. internal diameter, which had a total heating surface 
of 315 sq. m. The water was heated from 48*5° to 180° C. by means 
of the flue gases from a marine boiler, which were thereby cooled from 
338" to 149' C. 

There were transmitted 

(7 = 5,179 (180 -48-5) = 683,405 calories. 
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The initial difference in temperature was 

^. = 338° - 180" = 158^ 

The final difference in temperature was 

e. = 149° - 48-6° = 100-5°. 

Thus the mean difference in temperature, $^ » 126°. 
The ooef&oient of transmission of heat was 

_ C _ 683,405 _.„,^ 
'" H0^~ S15 X 126"^ • 

The velocity of the gases over the pipes was about 1*2 m., thus 
the calctUated coef&cient of transmission was 

ifc, = 2 + 10 >/r2 = 130. 



CHAPTEE IV. 

THE INJECTION OF SATURATED STEAM. 

"Saturated steam, directly injected, is used for heating water, for 
distilling low-boiling liquids (alcohol, methyl alcohol, etc.) and for 
■carrying over high-boiling liquids. 

If saturated steam be conducted into cold water, it liquefies and 
gives up its heat to the water. The previous pressure of the steam 
is immaterial, since it is lost in condensing. An almost complete 
vacuum would be produced throughout the steam pipe, owing to the 
^sudden disappearance of the steam at the end where it enters the 
^ater, did not the steam always contain air ; since, however, this is 
:always the case, only a fall in pressure in the pipe results. The water 
is gradually heated by the steam and may reach 100° C, if it is under 
atmospheric pressure. If the water be under a higher pressure, as that 
of a column of water, it can reach that temperature which steam of 
this pressure would have. 

Example. — The water in a closed vessel in the cellar of a house 20 m. high, 
from which rises a pipe, 20 m. long (2 atmospheres) and filled with water, may 
reach at the bottom the temperature of steam at a pressure of 2 atmospheres, 
i.e., 120*6° C. The temperature of the water in the full pipe diminishes from 
below upwards, a circulation takes place, the warm water rising and the colder 
flowing down. The rising warm water, as it gradually comes under less pressure, 
^ves of! its excessive heat by forming steam. 

Thus steam gives up its heat to water which is not boiling, 
liquefying and increasing the weight of water by its own weight. 
However, if the water boils, it evolves as much steam as is led 
into it, and its weight remains constant. 

1 kilo, of steam at atmospheric pressure has 637 calories. If 
the temperature of the water is t, each kilo, of steam brings to it 
(637 - t) calories. 
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In order to heat 100 kilos, of water 
through 10" 20° 30° 40° 50° 60° 70° 80° 90° 100° C. 

there must be injected 1*7 3-33 5 69 9 1075 1275 15 16*8 186 
kilos, of steam. 



If steam is blown into a boiling liquid (nob water), with which 
water mixes, and the boiling point of which lies below that of water, 
vapours are formed composed of a mixture of steam and the vapour 
of the liquid. The composition of these vapours depends, according 
to certain laws, upon the composition of the boihng mixture of liquids, 
but, unfortunately, is not accurately known for most mixtures of 
liquids, although this property is utilised on the largest scale in the 
industries for the distillation of such liquids. The heat of evaporation 
of the mixture of vapours is the sum of the heats of evaporation of 
the water and the liquid. The temperature of the mixture lies between 
those of the single vapours. 

Example, — 1 kilo, of a mixture of vapours, containing 0*5 kilo, of water 
yapour and 0*5 kilo, of alcohol vapour, is at the hoiling temperature of 92° 0. ; 
0*5 kilo, of steam at 92*^ contains 271 calories of heat of evaporation, and 0*5 kilo, 
of alcohol vapour at 92° contains 103 calories. Thus, 1 kilo, of the mixture 
contains 271 + 103 = 374 calories. 

This question has been treated in a previous work (Wirkungsweise 
der Bektificir- und Destillir-Ajpparate, Juhus Springer, Berlin), which 
should be mentioned here. 



When saturated steam is blown into a hot liquid, which does not 
mix with water, part of the liquid is mechanically taken away along 
with the steam, even when its boiling point is considerably above 
that of water. This process of carrying over small particles of liquid 
is not evaporation, and, according to the author's observations, the 
heat of evaporation of the vapours evolved is but little greater than 
that of the water alone. 

The quantities of different liquids carried over by 1 kilo, of 
saturated steam, are very different; they depend essentially upon 
the nature of the liquid, the dryness and the temperature of the 
steam. In almost all cases, if not exactly necessary, it is still very 
desirable to heat the hquid under distillation in some other manner, 
since by this means the work to be performed by the steam is made 



20 



EVAPORATING AND CONDENSING APPARATUS. 



considerably easier. Experience has shown that 1 kilo, of steam 
carries over more liquid in vacuo than at atmospheric pressure. 
As approximate data it tnay be stated that to carry over 

100 kilos, of toluene there are required 13-15 kilos, of steam. 
100 



100 , 


, fatty acids „ 


100 


100 , 


tar 


150 


100 , 


, glycerin „ 


250 


100 , 


, nitrobenzene „ 


250-300 


100 , 


, nitrotoluene „ 


400-450 



CHAPTER V. 

SUPERHEATED STEAM. 

The steam superheater consists of metal pipes, through which satur- 
ated steam is led, and which are generally surrounded outside by 
fire. But the superheating of steam is not of necessity done by 
direct fire ; a sand or oil- bath, or even high pressure steam, may 
be used. When saturated high pressure steam is allowed to expand, 
its temperature and pressure sink. If this expanded or low pressure 
steam at a low temperature is passed through pipes heated outside 
by hotter high pressure steam, the low pressure steam is brought 
up to the temperature of the high pressure steam, i.e,, it is superr 
heated. It is a matter of indifference by what means the superheating 
is accomplished. 

The specific heat of superheated steam at constant pressure, 
which comes into consideration here, is a-a — O'^QOd. Thus, in order to 
superheat 1 kilo, of steam at 100° C. through 100° C, i.e., to heat it to 
200° C, there are required 100 x 0*4805 = 48*05 units of heat. Since 
saturated steam always contains water, the heat required to vapourise 
the latter and then superheat it to the same degree must also be 
calculated. It is important and useful to keep as low as possible 
the amount of water in the steam to be superheated, since the eva- 
poration of the water requires much heat and seriously diminishes 
the efficiency of the superheater. But in spite of all separating 
arrangements, which are always used in conjunction with superheaters, 
the saturated steam always carries a certain quantity of water 
(3-5-10 per cent.) into the superheater. The heat required to 
vapourise this water must be calculated. 

If the whole weight of steam to be superheated is 2), its original 
temperature t, the temperature to which it is to be superheated {«, 
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and the percentage of water to^ then the amount of heat required 
for superheating is 

C = ^Q^537 + D(t, - 00-4805 

and, when t = 100°, 

C = D{5'37w + 0-4805(/* - 100)j .... (33) 

Thus, in order to superheat 100 kilos, of steam, more or less heat 
is required according to the percentage of water. 

Table 5 gives the number of units of heat required to superheat 
steam at 100° C. through 100°, 200°, 300°, 400°, 500° and 600° C, when 
it contains 0, 3, 5 or 10 per cent, of water. 

Table 5. 

Expenditure of heat, in calories^ in order to superheat 100 kilos, of 
steam from 100° G. through 100° to 600° C, when it contains 0-10 
per cent, of water. 



Water-content 

of 

the steam. 

Per cent. 


Superheating through 


100° j 200° 
Calories. , Calories. 


300° 
Calories. 


400° 
Calories. 


600° 
Calories. 


600° 
Calories. 




3 

5 

10 


4,750 1 9,500 

6,361 1 11,111 

7,435 1 12,185 

10,120 14,870 


14,250 
15,861 
16,935 
19,620 


19,000 
20,611 
21,685 
24,370 


23,750 
25,361 
26,435 
29,120 


28,600 
30,111 
31,185 
33,870 



The volume of superheated steam is, according to Zeuner, 

2)V^ = 50-9r - 192-5 i/^ (34) 

where p denotes the pressure in kilos, per sq. m., V^ the volume in 
cub. m. and T the absolute temperature. 

In Table 6 are given the volumes, F^, of 1 kilo, of superheated 
steam, in cub. m., for pressures of O'l, 0*2, 0*5, 1, 2, 3 and 4 atmo- 
spheres and temperatures from 200° to 500° G. 

The quantity of heat, which is carried to the steam through 1 sq. 
m. of heating surface, depends, as we may readily imagine, on the 
velocity with which the steam to be superheated moves along the 
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inner face, and the heating gases or liquids pass along the outer 
face of the superheater. Exact figures are, however, wanting for 
this transference of heat, owing to lack of accurate experiments. 
But if these figures were known, the coating of the surfaces with 
ash and rust, and also the variable and generally unknown proportion 
of water in the steam, would make the theoretical figures useless for 
practical purposes, without large corrections. 

Table 6. 





Absolute 


Temperature of the superheated steam, tt. 


200° 260° 


300° 


400° 


600° 


Absolute 


pressure, 










pressure. 


p. 






KUos. per 


Absolute temperature of the superheated steam, T. 


478° 


628° 


678° 


678° 


778° 


Atmos. 


sq. m. 














Volumes of 1 kilo.. of superheated steam, Vg, in 






cub. m. 


01 


1,000 


23000 


25-540 


27-987 


33176 


38-260 


0-2 


2,000 


11-390 


12-670 


13-890 


16-483 


19027 


0-5 


5,000 


4-496 


5-005 


5-494 


6-530 


7-649 


1 


10,000 


2-215 


2-469 


2-714 


3-283 


3-741 


2 


20,000 


1-089 


1-217 


1-339 


1-598 


1-853 


3 


30,000 


0-718 


0-803 


0-884 


1057 


1-227 


i 


40,000 


0-634 


0-597 


0-659 


0-788 


0-909 



Experience shows that, by means of 1 sq. m. of superheater surface 
iu one hour, 25-45 kilos, of high pressure steam may be superheated 
through 100**, 150° or 200° C, when the temperature of the hot gases 
is 450^-550° C, the speed of the steam in the superheater being 
15-40 m. per second. 

This is true for those cases in which the steam is superheated by 
means of waste gases ; when, however, the superheater lies immedi- 
ately after the fire, so that the flames directly impinge on its tubes, the 
efficiency is considerably greater, especially with steam at Uttle above 
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the atmospheric pressure. Under these circumstances, in one hour 
by means of 1 sq. m. of surface, as much as 300 kilos, of steam may 
be superheated through 200°-300** G. The velocity of the steam may 
then reach 60-70 m. 

If the steam is expanded, i.e., if it has a lower pressure than 
that of the atmosphere, for example, \ atmos. (absolute), the velocity 
in the pipes may attain 150, or even 400 m. ; an average would be 
260 m. 

According to Hirn, the coefficient of transmission between hot 
gases and steam with cast-iron heating surfaces, ^ = 10 to 15. 
Assuming it to be A; = 10, a number which must be regarded as 
extremely low, the heating surfaces necessary to superheat 100 
kilos, of steam, containing 0-10 per cent, of water, through 60°, 
100°, 200° and 300° C, with a mean difference in temperature 
between steam and hot gases of 100° and 150° C, have been 
calculated and arranged in the following table : — 

Table 7. 



Water- 
content 
of the 
steam. 



Per 
cent. 



'For superheating through 



50° 



75° 



100° 



200° 



800° 



with mean differences in telnperature of 



100° 



160° 



100° 



150° 



100° 



160° 



100° 



160° 



100° 



160° 





3 

6 

10 



the necessary heating surface, in sq. m., for 100 kilos, of steam per hour. 

9-9 
12-9 
150 
201 



2-38 


1-66 


3-60 


2-40 


4-75 


3-3 


9-5 


6-6 


14-2 


318 


215 


5-21 


3-48 


6-36 


4-3 


13-76 


8-6 


19-0 


3-72 


26 


6-29 


4-20 


7-43 


50 


14-86 


100 


22-2 


507 


3-36 


8-97 


5-98 


1012 


6-7 


20-24 


13-4 


30-2 



With the same assumption, it may be foimd that 1 sq. m. of the 
heating surface of the superheater superheats the following weights of 
steam in one hour : — 
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Superheating through 



Water- 
content 
of the 
steam. 



Per 
cent. 



60° 



76° 



100° 



200° 



800° 



With mean differences in temperature of 



100° 



150° 



100° 



160° 



100° 



150° 



100° 



160° 



100° 



160° 



1 sq. m. of heating surfaces superheats kilos, of steam per hour. 





3 

5 

10 



420 


630 


280 


420 


210 


31-5 


10-5 


16 


70 


31-4 


47-4 


190 


28-5 


15-7 


23-6 


7-85 


12 


5-3 


26-8 


40-2 


160 


24-0 


13-4 


201 


6-7 


10 


4-5 


20 


300 


110 


16-6 


10-0 


15-0 


60 


7-5 


3-3 



10-5 
80 
6-8 
60 



CHAPTEE VI. 

EVAPORATION BY MEANS OF HOT LIQUIDS. 

Occasionally liquids are evaporated by means of heating coils, 
through which steam is not conducted, but a strongly heated liquid 
of high boiling point (400°-500° C.) is pumped. The rate at which 
this hot liquid is forced through the coil can rarely be very large, 
since the considerable length of the coiled pipe and its small internal 
diameter would otherwise largely increase the friction, and thus the 
necessary pressure. We may regard a velocity, ty, of 1 m. per second 
as suitable, though often this is not attained. 

In estimating the quantity of heat given up in this case from the 
hot coil to the boiling liquid, the coefficient of transmission may be 
assumed, according to the author's observations, to be 

k,^700jv^ (35) 

The heating surface H in sq. m., required to transfer C calories 
per hour, is, with the mean temperature difference ^„, 

^=o^ ^^^> 

Accordingly, 1 sq. m. of heating surface in one hour, with a velocity 
of the heating liquid in the coil oivy= 1 m., and with mean differences 
in temperature of 

(9,„= 5° 10° 15° 20° 50°C. 

would transfer 3,500 7,000 10,000 14,000 35,000 calories 
to the boiUng liquid. 

The necessary weight of the hot liquid, F^, which must be forced 
in one hour through the heating coil is, if G represents the quantity of 
heat to be transferred in one hour. 
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The diameter of the coiled pipe in metres (d) is obtained from the 
equation 

^ 100 X t;, X 10 X 3600 = ^ 

The length of the heating coil is 

' = ^ (360) 

For the hot liquids considered here the specific heat, <r^, is. 
generally 0*5 and the specific gravity, Sf = 0*7. 



CHAPTEE VII. 

THE TRANSFERENCE OF HEAT IN GENERAL AND TRANSFERENCE 
BY MEANS OF SATURATED STEAM IN PARTICULAR. 

The physicsLl properties of saturated steam are the basis of many 
of the following considerations; a compilation of these properties, 
according to Zeuner, is given in Table 9. 

Water and many other liquids are evaporated by means of 
saturated steam. The hot steam employed has usually a pressure 
of 3-5 atmospheres, but, frequently, for liquids of high boiling point, 
steam of 12-15 atmospheres must be used. It is often advantageous 
to heat with steam at a pressure of 1-2 atmospheres (absolute). 

The temperature of the hot steam must always be some degrees 
higher than the boiling point of the hquid to be evaporated. The 
transfer of heat is greater, the larger the difference in temperature 
between the steam and the boiling liquid, and it may be properly 
assumed that the action of the heating surface increases in direct 
proportion with the difference in temperature, $^. In order to make 
this difference large, a vacuum is frequently maintained over the 
boiling liquid, i.e., the liquid is brought into a closed vessel pronded 
with heating surfaces in contact with steam, from which the vapours 
are conducted through a pipe into a condenser, where they liquefy 
and are cooled, and then either flow away spontaneously (by a 
barometer column), or are drawn off by means of a pump or other 
apparatus. 

The pressure of the hot steam is without influence on the efficiency 
of the heating surface. But the temperature, which is in a delinite 
<ionnection with the pressure of saturated steam, has considerable 
influence, since, other things being the same, with increasing pressure 
the temperature of the steam also rises to an extent which is perfectly 
well-known, and thus proportionately increases the difference in tern- 
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perature between steam and liquid. In this sense the capacity of the 
heating surface rises with the pressure of the steam. 

By many researches it has been shown that with increasing 
temperature of the steam, or, in general, with an increase in the 
temperature at which the transference of heat takes place, there 
is a certain increase in the efficiency ; this eflfect is, however, not 
proportional to the increase in temperature, and appears again to 
decrease when certain limits of temperature are exceeded. The 
cause of this behaviour is to be found in the increasingly rapid 
movement of the particles of liquid over the heated surface at the 
higher temperatures. The effect is more noticeable in heating non- 
boiling liquids by means of saturated steam, than in evaporating. 

The hot steam always carries air with it (Zeits. d. V. d. Ing., 
1887, 284), which considerably hinders the transference of heat. 
It appears as if the air attached itself to the hot surface, forming 
a net-like layer upon it, thus hindering the action of the steam. 
The removal of the air from the tubes or spaces, in which the 
steam is to give out its heat, is extremely important for effective 
working. Every care must be taken to remove, as quickly and 
completely as possible, the air which the steam brings to the hot 
spaces. It naturally collects where it is driven by the moving 
steam, that is, at the end of the heating surface. At that place 
there must be provided a continuous outlet, and since diffusion 
between air and steam is tolerably slow, the outlet should be placed 
rather towards the bottom than the top of the hot space. 

The pressure in the hot space is the sum of the pressures of air 
and steam. The total pressure in the steam space is, therefore, 
always rather greater than the pressure of the steam alone, and 
since the temperature (the most important condition) in the hot 
space depends upon the pressure of the steam and not on the 
sum of the pressures, the temperature in a steam space is always 
somewhat lower than would be supposed from the total pressure 
as indicated by a gauge. In heating experiments it is, therefore, 
necessary to observe the temperature of the hot steam and not its 
pressure, since the latter, on account of the varying amount of air, 
cannot give a reliable indication of the temperature. 

The pressure and temperature of the steam are not equal in all 
parts of the steam spa^ce; they are always somewhat, often much^ 
lower at the end of the heating surface than at the beginning. When 



30-' 



EVAPORATING AND CONDENSING APPARATUS. 



Table 9. Saturated Water Vapour — Pressure ; Total 

Evaporation ; Specific Volume 





.Pressure. 




Vacuum. 














Tempera- 






















ture. 


Atmospheres, 
absolute. 


Mercury. 


Water. 


Mercury. 


Water. 






m.m. 


m. 


cm. 


m. 


°C. 


00061 


4-60 


0-063 


75-540 


10-278 





0-0086 


6-53 


0-089 


75-347 


10-247 


5 


0-012 


917 


0-124 


75-038 


10-212 


10 


0017 


12-70 


0-176 


74-780 


10-160 


15 


0-023 


17-39 


0-238 


74-261 


10098 


20 


0-081 


23-55 


0-320 


73-645 


10016 


25 


0-042 


31-55 


0-434 


72-845 


9-902 


80 


0-055 


41-83 


0-568 


71-817 


9-768 


35 


0-072 


54-91 


0-744 


70-509 


9-592 


40 


0-094 


71-39 


0-972 


69-861 


9-364 


45 


0121 


91-98 


1-251 


66-802 


9-085 


50 


0155 


117-48 


1-602 


64-252 


8-734 


55 


0-196 


148-79 


2026 


61-121 


8-310 


60 


0-246 


186-95 


2-543 


57-305 


7-793 


65 


0-257 


195-50 


2-656 


56-450 


7-680 


66 


0-303 


23809 


3-163 


52-601 


7-173 


70 


0-380 


288-55 


3-928 


47-148 


6-408 


75 


0-466 


354-64 


4-817 


40-536 


5-519 


80 


0-506 


384-44 


5-230 


37-556 


5-106 


82 


0-570 


433-04 


5-892 


82-696 


4-444 


85 


0-691 


525-45 


7142 


23-455 


8194 


90 


0-746 


566-76 


7-711 


19-342 


2-625 


92 


0-834 


638-78 


8-602 


12-622 


1-706 


95 


1000 


760-00 


10-336 








100 


1-25 


950 


12-920 






106-38 


1-50 


1140 


15-50 






111-74 


1-75 


1330 


18-09 






116-42 


2-00 


1520 


20-67 






120-60 


2-25 


1710 


23-26 






124-35 


2-50 


1900 


25-84 






127-80 


2-75 


2090 


28-42 






130-96 


300 


2280 


3100 






133-91 


3-50 


2660 


36-18 






139-24 


4-00 


3040 


41-34 






144-00 


4-50 


3420 


46-51 






148-29 


5-00 


3800 


51-68 






152-22 


6-00 


4560 


62-02 






159-22 


7-00 


5320 


72-35 






165-34 


8-00 


6080 


82-69 






170-81 


9-00 


6840 


9302 






175-77 


10-00 


7600 


108-36 






180-31 


11-00 


8360 


113-70 






184-50 


1200 


9120 


12403 






188-41 


1300 


9880 


134-37 






■ 192-08 


14-00 


10640 


144-70 






195-53 


15-00 


11400 


155-04 






198-98 
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Heat ; Heat of the Water, of the Liquid and of 
and Weight (after Zeuner). 



Table 9. 



lAtent heat of 










the vapour, 


Heat of the 




Specific 


Specific 


606-5 - 0-695^ 


liquid, 


Total heat, 


volume. 


weight. 


- 0'00002P - 


t + 000002^ + 


606-5 + 0-305/. 




0-0000003/». 


0-0000003^. 




1 vol. water 
gives vols, of 


Weight of the 
vapour in kilos. 


Calories. 


Calories. 


Calories. 


vapour. 


per cub. m. 


606-5 





606-6 


198567 


0-00504 


608030 


5 


608-03 


143811 


0-00696 


599-548 


10-02 


609-65 


105170 


0-00951 


696-074 


15-006 


611-08 


75824 


0-01319 


592-690 


20-010 


612-60 


67087 


0-01753 


589-113 


25-017 


614-13 


43126 


0-02320 


585-6-23 


30-026 


615-65 


32428 


0-03086 


582-143 


86037 


617-18 


26168 


03976 


577-649 


40-051 


618-70 


19642 


0-05119 


575-162 


45-068 


620-23 


16218 


0-06576 


571-662 


60088 


621-76 


12001 


0-08886 


568-170 


55-110 


623-28 


951U 


0-10519 


564-763 • 


60-137 


624-80 


7629 


0-13114 


661-163 


66167 


626-33 


6168 


0-16234 


560-458 


66-172 


626-63 


6915 


0-16915 


557-649 


70-201 


627 85 


5020 


0-19928 


564-141 


75-239 


629-38 


4096 


0-24428 


550-618 


80-282 


630-90 


3382 


0-29682 


549-210 


82-300 


631-51 


8130 


0-81961 


547-101 


88-329 


682-43 


2799 


0-36744 


543-569 


90-381 


683-95 


2836 


0-42829 


542-157 


92-408 


634-66 


2177 


0-45966 


540037 


96-443 


635-48 


1958 


0-51105 


536-500 


100-500 


687-00 


1650-5 


0-60590 


531-988 


106-967 


638-95 


1338-6 


0-74738 


528-173 


112-408 


640-58 


1126-9 


0-88740 


524-670 


117-840 


642-01 


975-9 


1-0252 


521-863 


121-417 


643-28 


859-9 


11631 


519-193 


125-287 


644-43 


776-7 


1-2981 


516-727 


128-753 


645-48 


697-2 


1-4345 


615-379 


131-061 


646-44 


638'3 


1-5674 


512-351 


134-989 


647-34 


687-6 


1-7024 


508-532 


140-438 


648-97 


608-2 


1-9676 


505-110 


145-310 


660-42 


448-4 


2-2303 


602-022 


149-708 


661-73 


401-4 


2-4911 


499-189 


153-741 


662-93 


363-6 


2-7500 


494-122 


160-938 


655-02 


806-4 


8-2632 


489-687 


167-243 


656-93 


265-2 


3-7711 


486-712 


172-888 


658-60 


283-9 


4-2745 


482-093 


178-017 


660-11 


209-5 


4-7741 


478-791 


182-719 


661-50 


189-7 


5-2704 


476-705 


187-065 


662-77 


173-6 


5-7636 


472-844 


191-126 


663-97 


169-9 


6-2543 


470-136 


194-944 


666-08 


148-4 


6-7424 


467-603 


198-637 


666-14 


138-4 


7-2283 


465-120 


202-041 


667-16 


127-7 


7-6270 
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hot steam is conducted into a double bottom, or a coil in contact 
with cold water, the tension at the end of the heating surface is 
generally nil in the first moments of the entry of the steam, it 
gradually increases as the water becomes heated, ipitil, finally, when 
boiling commences, it reaches the permanent highest point. 
The following may serve as an example : — 

A copper pan of 1,000 mm. diameter, with a double bottom of 1-4 sq. m., con- 
tained 720 litres of water at 13^ G. Steam entry valve, 25 mm. ; pressure of steam 
in the boiler, 8'5 atmos. ; at its entry into the double bottom, about 8 atmos. 



Time. 
Hrs. Mins. 


Temperature 

of the water 

in the double 

bottomed pan. 


Pressure of the 

steam at the side 

opposite to the 

steam entrance. 

Atmos. excess 
pressure. 


Calories transferred 

per 1 sq. m. in 1 hour 

with 1° C. difference 

in temperature. 


9 20 
9 25 
9 80 
9 85 
9 40 
9 45 
9 48 
to 10 18 


18 
30 
47 
64 
80 
98 
100 
100 


0-0 
0-4 
0-7 
1-2 
1-76 
1-85 
1-95 
2-2-8-2-6.2-6 


1224 

1530 

1690 • 

1950 

2090 

2045 

80 litres of water eva- 
porated in 80 mins. 



The more rapidly the liquid moves over the heating surface, the 
more rapid is also the transference of heat. The larger the number 
of particles of liquid brought to the heating surface in a definite 
time, the more heat will the liquid take up in this time. The 
example just quoted shows this clearly : as the water becomes hotter 
and hotter, its circulation or movement over the heating surface 
increases, and so does the number of units of heat conveyed across 
1 sq. m. in a definite time per V difference in temperature. Also 
when the liquid to be heated or evaporated is moved by artificial 
means rapidly and frequently over the hot surface, the amount of 
heat transferred in a definite time is increased. This increase is, 
however, not directly proportional to the increase in velocity, but in 
a lower ratio (Chapter XXI.). 

The conclusions to be drawn from the observations of Joule, Ser, 
and others, lead to the belief that the increase in the transference 
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of heat between steam and a non-boiling liquid is proportional to 
the cube root of the velocity of the liquid. 

The rate of movement of the steam over the heating surfaces also 
exerts a considerable influence on the transference of heat. There 
is always observed close to the entry of the steam, where it first 
comes in contact with the heating surface, a much more lively 
motion of the particles of a non-boihng liquid, and a very much 
more rapid evaporation of a boiling liquid, than at places more 
distant from the entry. It is evident that the more heat will be 
imparted by the steam, the more of its particles rapidly touch the 
surface of separation. 

Around coils, pipes, over double bottoms and tubular heaters, filled 
with steam, a very lively movement of non-boiling liquids, and an ex- 
tremely energetic ebullition of boiling liquids, takes place at the entrance 
of the steam ; towards the end the action decreases considerably, untU 
it. appears almost entirely to cease. If the hot space be opened at 
the end, so that steam escapes, whilst the pressure in the hot space 
remains constant, the transference of heat is increased ; a larger 
portion of the heating surface takes part in the violent action. In 
practice this opening of the hot space cannot always be efifected, 
since it generally results in a costly loss of steam, yet there are 
cases in which it is the regular condition, e.g., with several heating 
bodies placed one after the other, in the condensers of rectifying 
apparatus, etc. 

In all these cases the largest transmission of heat is observed 
where the most steam passes over the hot surface, and the heating 
surface as a whole is the more efficient, the more steam passes over 
its total ' extent, although this steam is not quite condensed. It is 
believed that the average evaporative efficiency of a unit of surface 
decreases with its size, and, in fact, approximately in proportion to 
the square root of the surface. Thus, if k, denotes the quantity of 
heat transferred through unit surface in unit time with 1° difiference 
in temperature, then, through the surface, H, the quantity of heat, 
C = k, JH, is transferred. In the case of tubes, inside which is 
steam, it is probable, as observation has shown, that this relation 
always holds good ; in the c ise of double bottoms, perhaps in default 
of accurate experiments, the connection is more uncertain, which 
is also true of tubular he:iting apparatus with the steam outside 
the tubes. 

3 
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When the space containing the hot steam is very large, so that 
only slight movement takes place in it, almost a stagnation occurs : 
•and the influence of the absolute size of the surface is diminished. 
^ The condensed water formed from the steam precipitated on the 
heating surface, considerably hinders the transference of heat, since 
the conductivity of water is very low. The more rapidly and com- 
pletely this condensed water is removed from the heating surface, 
the more efficient the latter will be. To a certain extent the condensed 
water drops more readily from a horizontal tube, heated externally, 
than from a vertical pipe, down the whole length of which the water 
Would have to run. 
^ The nature 0/ the metal, of which the heating surface is composed, 
appears to efifect the amount of heat transferred only through 
differences in conductivity. On the other hand, the nature of the 
surface, whether rough or smooth, seems to be almost entirely with- 
out action on the movement of heat. 

The heat, which a heating medium (steam, water, air) is to 
transmit through a metallic diaphragm to the heated medium 
v(water, air), has three resistances to overcome, viz. : — 

1. The entry through the surface of the metal plate. 

-2. The passage through the metal. 

3. The exit from the metal into the heated fluid. 

These resistances may be expressed by P^clet's method, taking 
for each a coefficient, which gives the number of calories passing 
through a surface of 1 sq., m. in one hour with a temperature 
difference of 1°. Let the entering coefficient be €, the exit coefficient 
be a, the conductivity through a wall 1 mm. thick be X, the thickness 
in millimetres be 8. Then, if k be the total quantity of heat which 
passes through 1 sq. m. in one hour, with a temperature difference of 
l°C.,and a thickness of 1 mm., these coefficients are related according 
to the general equation (P^clet) : — 

^ = U|^i (37) 

^ = ^^ (38) 

- + : +- 
c A a 

The coefficients of entry and exit, c and a, are practically unknown, 
since they are hardly capable of measurement by direct experiment. 
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However, for the cases dealt with here, the so-called coefl&cient of 
transmission, k, alone comes into consideration ; we may thus omit 
the researches designed to determine the values of € and a. 

The conductivity coefficient, A, of the metals has been determined 
by several observers ; the values found are, however, somewhat 
different. It is probable that slight variations in the composition 
of the metals (impurities) exert considerable influence on the con- 
ductivity for heat. The following values for k may be taken as 
the mean of many experiments, they give the number of calories 
which pass in one hour through a metal block of 1 sq. m. section, 
1,000 mm. thick, with a temperature difference of 1° C. (Zeits. d. V. d. 
Ing., 1896, 46) :— 

Copper, 330. Tin, 54. 

Iron, 561. Zinc, 105. 

Steel, 22-3-40. Lead, 28-44. 

If we put -r for the sum of the reciprocals of a and c, then 

1 1 1 

IT = - +- 

"'^ *=j^ (39) 

**' k ^^ (40) 

If we now insert for ^% those values which are to be regarded 
as most nearly correct, we may form an idea of the influence exerted 
by the greater or less conductivity, and the greater or less thickness 
of the walls of the heating surface, upon the coefficient of trans- 
mission, k. 

According to MoHer (and others) k„ lies between 3,500 and 7,000. 

In order to obtain an idea of the retarding effect of the increasing 
thickness of the material of the heating surface, the Tables 10 and 
11 have been calculated. 

Table 10 gives, for the metals, copper, zinc, iron and lead, the 
values of the coefficient of transmission for thicknesses of 2-10 mm., 
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when that coefficient is 100 for a thickness of 1 mm. The values 
are given on two assumptions : — 

1. The coefficient k^ = 3,500. 

2. K = 7.000. 

In practice k^ would rarely be greater than 3,500. 

Table 10. 

If the coefficient of transmission of heat, k, is 100 for a thickness in 
wall ofl mm., then for greater thickness of 2-10 mm. it has the 
values given in the columns. 





Copper. 


Zinc. 


Iron. 


Lead. 


Thickness 
of 




, 






















wall. 


fc,= 1 A-,= 


K = 


fc.= 


fr,= 


fc. = 


K = 


Av = 




7000. 3600. 


7000. 


3600. 


7000. 


3600. 


7000. 


3600. 


mm. 




: 100 




100 










1 


100 


100 


100 


100 


100 


100 


2 


98 1 99 


94 


97 


87 


93 


83 


90 


3 


96' 98 


89 


94 


77 


86 


71 


82 


4 


94 97 


84 


91 


69 80 


63 


75 


5 


92 96 


80 


89 


63 


76 


55 


69 


6 


90 


95 


76 


86 


57 


71 


60 


64 


7 


89 


94 


73 


83 


53 


68 


45 


60 


8 


87 


93 


69 


82 


49 


64 


42 


56 


9 


86 


92 


66 79 


46 


61 


38 


53 


10 


84 


91 


64 77 


43 68 


36 


60 



From this table it is seen that the coefficient of transmission, k, 
decreases the more, with increasing thickness of wall, the worse 
conductor is the metal. 

For copper, which is rarely used in thicknesses exceeding 1-4 
mm., the decrease in k with increasing thickness of wall is unim- 
portant, and may almost be neglected. 

With wrought iron, which is generally thicker, the thickness at 
once exerts an unfavourable influence, and in the case of cast-iron 
heating surfaces, which are made 10 mm. thick and more, the 
efficiency is very considerably diminished by these thicknesses. 

In the case of lead, which is used in thick- walled pipes, and has 
a low conductivity, the efficiency of the heating surface diminishes 
very rapidly with increasing thickness. 
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The next, Table 11, shows the values of the coefficient of trans- 
mission for iron and lead heating surfaces, when they are of equal 
thickness with copper, the coefficient of transmission for the latter 
being taken as 100. It will be seen that heating surfaces of iron 
and lead, of the same thickness of wall, have considerably lower 
efficiencies than those of copper ; the former metals are also generally 
used in greater thicknesses than copper. 



Table 11. 

When the coefficient of transmission of heat for copper in thicknesses 
of 1-10 mm. is taken at 100, the coefficient for iron and lead of 
equal thickness has the values given. 



Thickness 




Iron. 


Lead. 


of 
wall. 


Copper. 






















fc, = 7000. 


k, = 8500. 


k, = 7000. 


k, = 3500. 


mm. 












1 


100 


89 


93 


82 


90 


2 


100 


77 


87 


69 


82 


3 


100 


70 


82 


60 


75 


4 


100 


64 


77 


64 


70 


5 


100 


58 


73 


49 


63 


6 


100 


55 


70 


45 


60 


7 


100 


61 


67 


42 


57 


8 


100 


48 


63 


39 


64 


9 


100 


46 


61 


37 


51 


10 


100 


44 


60 


35 


49 



Thick viscous liquids, which move slowly, acquire heat with more 
difficulty than water or dilute solutions, alcohol, etc., consequently 
the coefficient of transmission, k, is much lower, so that it may 
often be only 0*5, or even 0*2, of the coefficient for water, according 
to the consistency and nature of the liquid. 

Finally, there is stiU another hindrance to the transference of 
heat, which arises more or less in all cases — the incrustation or 
coating of the heating surface with more or less solid, pasty or 
crystalline formations, corresponding to boiler scale. All these 
precipitates adhere firmly to the hot surface, they conduct heat very 
badly, and thus diminish the efficiency to a great extent. Since 
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these hindrances are different in each single case, can never be 
exactly estimated beforehand, and afterwards can practically never 
be controlled, the figures obtained in practice for the transference 
of heat are appreciably smaller than those found by careful re- 
searches ; frequently the difference is so great that even the agreement 
of the action with the laws cannot be recognised. 

The conditions of the exchange of heat through metallic dia- 
phragms between gases, vapours and liquids, have not yet been 
elucidated with the desirable certainty by means of careful experi- 
ments conducted with large apparatus on a practical scale. A 
theoretical consideration of all the different practical cases is also 
wanting. Theoretical results, however, would not be. directly 
applicable to the large scale practice owing to the varying difficulties 
which occur there. Thus, in the present condition of our knowledge, 
there is no other course than to consider the results and observations 
of the author and others, obtained from large apparatus in industrial 
use, whilst giving due regard to the rules, coefficients and laws 
obtained by experiment, unfortunately, as a rule, from very small 
apparatus. 

We shall at once endeavour to state such rules for the estimation 
of the necessary heating and cooling surfaces for the different cases 
which occur in practice. 

In all cases it is an advantage to make the passage of the gases, 
vapours and liquids over the hot surface as rapid as possible. Thus, 
vortices and alterations in the direction of ilow favour the trans- 
ference of heat ; the more rapidly the liquids and gases flow through 
the pipes, and are driven over the heating surfaces, the more rapid 
is the transference of heat. A current of steam or gas, flowing 
rapidly through a pipe or flue of regular section, gives out heat more 
quickly than a current of steam, which, when led to a flat wide 
heating surface, spreads out over it to all sides as soon as it reaches 
it. The greatest loss of heat takes place at the spot where the 
hot current first touches the heating surface. 

Towards the end of long heating pipes and flues the temperature 
and pressure of vapours and gases sink, so that the end itself is 
almost inoperative. The shorter and narrower is a steam heating 
pipe, the more efficient is its surface. 

The hot space should always be kept free from air, and the water 
should be rapidly and completely removed. 



CHAPTER VIII. 

THE TRANSFERENCE OP HEAT FROM SATURATED STEAM IN 
PIPES (COILS) AND DOUBLE BOTTOMS. 

A. Evaporation and Heating by Means of Steam Pipes (Coils). 

Propessok R. Molier in a fine compilation published by request 
of the Vereina deutscher Ingenieure in the society's Zeitschrift, 1897* 
Nos. 6 and 7, states that the most reliable data concerning the co- 
eflBcient of transmission, k, between steam and water are as follows : — 

In the case of water which is not hoilijuj, according to experiments 
by Ser on a horizontal tube of 10 mm. bore and 314 mm. long, the 
transference of heat increases approximately with the cube root of 
the velocity of the liquid, V/, in m. per second. 

Molier calculated k^ from the experiments of Ser : 

jk, = 3300«/t^ (41) 

From numerous researches by Joule on vertical tubes of narrow 
bore, 

K = 1750 Vv, (42) 

According to the experiments of G. A. Hagemann (Nogle Trans- 
missions-Forsog) on an externally heated vertical tube, 49 mm. in 
external, 45 mm. in internal diameter and about 900 mm. long, 
through which water was passed at various velocities, in the case of 
non- boiling liquids the quantity of heat transmitted increases not 
only with the velocity of the liquid but also with the height of the 
temperature at which the transference of heat is effected. The higher 
the temperature of the hot steam, ta, and the temperatures of the 
liquid, tf„ and <,„ the more heat is transferred in one hour per sq. m, 
per 1° C. difference in temperature. Molier deduces from Hagemann'a 
experinaents the following expression for k,. : — 

fc« = 60 + |lOOO + 10(^, + ^^— ^-^^L/t;; . . . (43) 
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The figures, obtained by Nichol from experiments on a brass tube 
of 20 mm. bore, show a considerably greater transference of heat 
in the horizontal than in the vertical position. In the horizontal 
position about 1*5 times as many calories were transmitted as in the 
vertical, yet the values found by Nichol are lower than those of Ser. 

It would appear that at higher temperatures the liquid is some- 
what more mobile, and hence that greater differences of temperature 
may occur between its parts, which would then cause a greater 
movement over the heating surface. That the horizontal position 
of the hot pipe is favourable may well be explained by the immediate 
removal of heated particles of liquid from the hot surface, thus at 
once making place for fresh particles. In or about a vertical pipe 
many particles of liquid must remain in contact with the surface 
in rising. 

In regard to the transference of heat to boiling water from satv/r- 
ated steam, experiments by C. Long, J. B. Morison and the brothers 
Sulzer, are quoted in the same paper ; the results of these experi- 
ments, which were certainly carefully executed, cannot, however, well 
be considered from the same point of view. 

From a consideration of the above-mentioned experiments, those 
of Jelinek (Z. d. V. fiir Eiibenzucker- Indus trie, December, 1894), and 
some number of the author's own, the author comes to the conclusion 
that the empirical equation 

'-^ '**' 

most accurately expresses the transmission of heat between steam 
and boiling water, in so far as cyhndrical copper pipes, with steam 
inside, are concerned. 

With all due regard to such careful workers as Joule and Ser, 
the author is of the opinion that, from such small apparatus as that 
with which they worked, safe conclusions cannot be drawn as to the 
relations between steam and liquid on the much greater proportions 
of the industrial scale. 

It is quite certain that the temperature and pressure of the steam 
at the end of a long pipe surrounded by water in violent ebullition 
are considerably lower than at the beginning. It is also proved that 
those heating surfaces, or portions of heating surfaces, transmit the 
most heat, which are met and rapidly touched by the largest number 
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of molecules of steam. Similarly, steam at rest gives up the least 
heat. 

Steam which is hiown into a large heating space, spreads out 
on all sides immediately after its entry ; it does not pass over the 
hot surface in a regular manner, and thus gives out its heat very 
slowly. 

In the author's opinion, observation teaches that the transmission 
of heat increases with decreasing diameter and with decreasing 
length of the tube, and apparently in such a manner that the 
transmission is inversely proportional to the square root of the pro- 
duct of these quantities. The smaller the diameter of the heating 
tube the more molecules of those which are passing through will 
come into contact with the walls. Since the largest quantity of heat 
is given up at the beginning, every tube becomes much less active 
towards the end. 

The equation 

is not in any way to be regarded as final ; we know, indeed, that it 
is inaccurate. It appears that the increasing length of the heating 
pipe diminishes the transmission of heat in a somewhat less ratio 
than that of the square root. The equation is inaccurate for very 
short and very long tubes, but the want of results of sufficiently 
accurate experiments does not permit it to be corrected, and thus 
it must serve for the present. 

For comparison with this formula certain published experimental 
results may be quoted : — 

Jelinekf with a copper tube, 16 mm. bore, 12,000 mm. long, 
observed k^ = 4494. 

Calculated, K = - ,— - -^^^ 4309. 

v/0016 X 12 

Jelinek, with a copper tube, 10 mm. bore, 8200 mm. long, 
observed k, = 5890. 

iQon 
Calculated, K = -7-=-- ==-- = 6643. 
VOOl X 8-2 

In this case the temperature difference was taken by Jelinek as 
the arithmetic mean of the initial and final temperatures of the steam, 
whilst it should have been calculated according to the principles laid 
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down in Chapter I., in which case it is less, and k, then becomea 
6750, instead of 5890. 

Jelifieky with a copper tube, 16 mm. bore, 3000 mm. long,, 
observed k, = 8680. 

Calculated, k, = , ^^ = 8675. 
n/0016 X 3 

Sulzer, with a copper tube, 100 mm. bore, 3000 mm. long,, 
observed k^ = 3400. 

Calculated, K = /^^^ = 3480. 
slO'l X 3 

C. Long, with a copper tube, 31*4 mm. bore, 2500 mm. long,, 
observed k^ = 6500. 

Calculated, k, = — , —- = 6840. 

x/00314 X 2-5 

In Table 12 are contained the coefficients of transmission, calcu- 
lated by means of equation 44, for copper tubes of 10-150 mm. bore 
and 1-30 m. long. These values for A-, only apply to the evaporation 
of water. The thicker the liquid to be evaporated becomes, the less 
becomes the influence of the form and species of the heating surface 
upon the efficiency. 

For wrought-iron pipes the coefficient. A;,, should be taken at about 
0*75, for cast-iron pipes about 05, and for lead pipes about 0-45 of the 
coefficients for copper, in which values allowance has been made for 
the greater thickness in wall of these metals. 

For application in practice only j of the value of /c, as so found 
should be used. 

When not pure water, but dilute solutions of 10-25 per cent, 
strength are to be evaporated, the coefficient of transmission 
generally decreases by 20-30 per cent. 

For thick, pasty, viscous or sticky liquids, or liquids largely mixed 
with crystals, the value of ^^ may become much less. The dimensions 
of the heating tubes are then found to be of little influence ; for such 
cases the following values should be taken for k^ in practice : — 
Long heating coils, about 650-750. 
Short „ „ „ 800-900. 

Thin heating tubes (steam pipes), about 1000. 
Vertical systems of pipes (steam outside), about 600-700. 
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Table 12. 

The coefficient of transmission of heat, A-,, for one hour, 1° C. and 1 sq. 
m., between steam and boiling water, for copper heating coils of 
10-150 mm. bore and 1-30 m. length. 



Bore ot the 


Length, {, of the tube in m. 


1 


2 


4 


6 


8 


10 


15 ; 20 


30 


tube in mm. 














1 




Coefficient of transmission of heat, kp, for copper steam 


d. 


• 


pipes, heated inside. 


10 


19000 


13470 


9500 7714 


6730 6012 4912:4290 


3570 


15 


15580 


11000 


7713 6333 


5495 ' 4910 


3950 3408 


2833 


20 


13470 


9500 


6730 5490 


4750 4220 


3408 3007 '24551 


25 


12000 


8520 


6012 4910 


4250 


3800 


3100 2687 


2190 


30 


11000 


7714 


5490 4610 


3875 


3408 


2835 2455 


2004 


35 


10190 


7272 


4900! 3900 


3500 


3200 


2640 2270 


1850 


40 


9500 


6730 


4750 


3875 


3363 


3007 


2455 '2110 


1743 


45 


8950 


6333 


4510 


3600 


3165 


2835 


2300 2004 


1610 


50 


8520 


6012 ' 4253 


3408 


3007 


2687 


2190 1 1900 


1558 


60 


7714 


5490 3875 


3170 


2740 ' 2455 


2004 


1743 


1415 


70 


7200 


5080 : 3600 


2930 


2540 2270 


1890 


1610 


1310 


80 


6730 


4750 


3363 


2740 i 2375 12125 


1711 


1490 


1225 


90 


6333 


4510 


3170 


2580 '2245 


2004 


1610 i 1410 


1157 


100 


6012 


4290 


3007 


2455 ; 2135 


1900 


1558 1364 


1100 


125 


5714 


3800 12687 12191 


1820 


1700 


1390 : 1202 


982 


150 


4910 


3408:2455 2004 

1 1 


1743 


1555 


1266 1100 


905 



The thickness of metal of the copper tubes is taken at about 2 mm. 
For wrought-iron pipes, about 3*5-4 mm. thick, the coefficient, 

k^ = 0-75 of that for copper. 
„ cast. ,, ,, „ 10 mm. thick, the coefficient, 

^, = 0*50 of that for copper. 
„ lead „ ,, ,, 10 mm. thick, the coefficient, 

k^ = 0*45 of that for copper. 

In determining the dimensions of the heating surfaces of apparatus 
for the evaporation of water, the coefficient, k^, should only be taken 
at about % of the above values, i.e., 
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For copper tubes - - 0*66 of the figures in the table. 

„ wrought-iron tubes - 0*50 ,, „ „ 

„ cast-iron tubes - - 0*33 „ „ „ 

„ lead tubes - - - 030 „ „ „ 

For liquids which contain 10-25 per cent, of solid matter in 
solution, the coefficients, fc„ are only about J as large as those just 
given, i.e., 

For copper tubes - - 0*5 of the figures in the table. 

,, wrought-iron tubes - 04 „ „ ,, 

„ cast-iron tubes - - 0*25 • „ „ „ 

„ lead tubes - - - 0*225 „ „ „ 

The equation (44) may now be somewhat transformed. Multi- 
plying numerator and denominator by n/tt, the expression under the 
square root sign becomes equal to the heating surface, H,, thus 

j^ ^ 1900 Vff ^ 1900 Jw ^ 1900 X 1- 772 ^ 3367 .^^. 

If we now insert this value for k^ in the equation for the total 
transmission of heat by the surface H^ — 

we obtain 

C = SS67 J H,0^ (46) 

which may be expressed in words : the heat transmitted in unit time 
by the surface, H,, is proportional to the square root of the surface. 

As has been said above, this equation is not quite correct, but 
the efficiency of larger surfaces is somewhat greater, and of smaller 
surfaces somewhat smaller, than would correspond to the equation. 
But the results obtained by its means, of all known to the writer, 
agree most nearly with the reality. 

Having regard to the diminution in efficiency caused by incrusta- 
tions, incomplete removal of air, etc., we may take for the calculation 
of the actual heating surfaces the equations 

C = 2200e,,jH. (47) 

^-(220?-J («) 
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which may be applied with some confidence to copper heating tubes 
for the evaporation of water. 

Table 13 has been calculated by means of these equations, it 
gives the number of kilos, of water evaporated in one hour by copper 
tubes of 10-150 mm. diameter and 2-40 mm. length, with 1° difiFerence 
in temperature between the steam and boiling water. This table 
wiU serve for the rapid calculation of the proper dimensions of the 
heating tubes in any case under consideration. 

With sufficiently short tubes the real temperature difference, 0^^ 
to be expected, is only about 10 per cent, less than the calculated. 

If not water, but a thin solution of 10-25 per cent, strength is to 
be evaporated, copper coils give about 0*75, wrought-iron about 0*6, 
cast-iron about 04, and lead about 0*33 of the results quoted in the 
table. 

From viscid, thick and crystallising liquids, containing very little 
water, the hourly evaporation of water by means of heating coils 
is much smaller, viz., for copper about 0*5, wrought-iron about 0*40, 
cast-iron about 0-25, and lead about 0*225 of the weights given in 
Table 13. 

Steam at a pressure of 3-4 atmospheres, in narrow and not too long 
copper coils, is found in practice to evaporate to the atmosphere 
about 100 Htres of water in one hour per 1 sq. m. ; with very small 
heating surfaces more (up to 130 litres), and with larger, less. 

With 1 sq. m. of heating surface, heated by steam at 3-4 atmos- 
pheres, 800-1200 htres of water may be heated in 1 hour from 10° to 
100** C, when the water is not specially moved, yet the efficiency of 
the heating surface varies greatly and depends on the velocity of the 
steam (see Chapter XXI.). 

B. The Dimensions of Steam Tubes (Coils). 

The ratio of the diameter to the length of a tubular heating 
surface is far from being without influence on the proper action 
of the surface. In very long pipes, in which the steam moves with 
great velocity, the pressure falls considerably towards -the end, and 
thus the available temperature difference sinks appreciably. 

When the steam enters at high velocities the coefficient of trans- 
mission of heat is greater than when the velocity is lower, but the 
pressure and temperature, which sink rapidly in the first case. 



I 

J 
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Table 13. 

Heating surface, iJ„ in sq. m., and hourly evaporation of water, W, 
of copper heating tubes of 10-150 mm. diameter and 2-40 m. 
length, with 1° C. difference in temperature. 



'Is 



^ 



3 



4 



6 



8 



9 



w 
w 
w 
w 
w 
w 
w 

w 

10 \H, 

I ^ 

11 H^ 

\w 

12 :h, 

13 [Hr 

14 'if. 

15 Ih, 
I w 

16 Hr 

\^ 

17 H. 

w 

19 H, 
w 

20 Hr 



10 I 20 



0-08 

112 

0-12 
1-36 
0-16 
1-60 



Internal diameter of the heating tube in mm. 
30 40 i 60 



60 



0-14 
1-48 

0-21 

183 

0-2^ 
211 

0-36 
240 
0-48 
262 

0-49 
2-80 



0-21 
183 

0-31 

2-22 

0-42 

2-58 

0-51 

285 

0-62 

312 

0-73 
3-41 



0-56 1 0-84 

2-98 3-66 

I 0-93 

- 375 
I 103 

- 4 04 
[113 

- '4-24 
I 1-24 

- 4-44 
I 1-35 

- 14-64 

1-46 

- 480 
1 1-53 

- ,4 93 



I 0-27 ' 
I 2 07 1 
, 0-4lt 
I 2 56 

' 0-54 I 

I 2 93 

0-68 I 
(3-29 1 

I 0-81 ! 

3 60 1 

0-95, 
3-89 
108 
416 1 

1-22' 
4-41 1 
1-35 I 

4 64' 
'1-48 
14-84, 



0-34 
232 
0-50 
283 

0-68 



I 



70 . 80 90 100 ' 125 150 



0-40 
252 
0-60 
309 
0-80 
3-57 
0-85 I 100 
3-68 4-00 
1-01 1-21 



400 

M8 
432 
1-30 
464 
1-53 
4-92 
1-69 
520 
1-86 



4-40 

1-40 
4-72 
l-60! 
504! 

l-Sl 
5-38 

201 

6-02 

2-21 



1-62 



,508 

1-76 I 
1 5-28 



5 45 1 6-04 1 

2-03 ' 2-41 
5 68 1 6-20 1 
219 ' 2-61 1 
5-92 i 6*46 



.1 



I 2-65 

6-38 

2-72 

,658 

2-89 

6-80 



1-90 ' 2-36 . 2-80 

5-39: 612 16 69 

203 ' 

5-68 

216 

5 88, 



3-00; 

692 

3-20' 

7-30 

3-41 

7-38, 



, 3-06 ! 3-62 
6-99 ; 7-60 
3-22 I 3-82 

' 717 7-80 
I 3-38 I 402 

- I - :7-35|801 



0-46 

2711 

0-e9; 

3-32' 

0-92' 

3 84 

116 I 

4 03 

1-39 I 
471 
1-611 
508 

1-H4 

5 41 
209 
5-78 
2-32 
6-08 

2-55' 

6 38: 

2-78 

666 

300 : 

692 

3-22 

707 

3-48 

745 

3-68 ' 

767 

3-93 

7-93 

4-18! 

8171 

4-41 
8-401 
4-64 
8-601 



0-53 


0-59 


291 


307 


0-80 


0-89 


356 


3-77 


1-06 


1-18 


409 


4-32 


1-34 


1-49 


4-60 


4-88 


IfiO 


1-78 


504 


5-32 


1-86 


207 


5-45 


575 


212 


2-36 


584 


613 


2-41 


2-69 


6-20 


656 


2-67 


2-98 


6-52 


6-90 


2-94 


3-27 


684 


725 


3-20 


3-57 


7-06 


7-55 


3-46 


3-85 


744 


7-84 


3-72 


4-14 


7-71 


8-13 


4-02 


4-47 


800 


8-45 


4-24 


472 


8-23 


8-68 


4-63 


505 


8-48 


8-98 


4-82 


5-38 


8-78 


928 


508 


5 67 


901 


952 


6-.S4 


6-96 


9-24 


9-76 



0-65, 
3-20 1 
0-99 
3-97 
1-30 
4 56 1 
1-65, 
5 12 1 
1-97' 
5-60 j 

2-29' 

609 

2-60 1 

6 46; 

2-97' 

6-89 

3-291 

724 

3-61 I 

7-601 

8-94 

7931 

4-26 

815 1 

4-581 

849 

4-95 

886 

5-20, 

914 1 

5-57 

9-44 

5-94; 

974: 

6-261 
1000; 



6-58 
1032 



0-82 
3-60 
1-22 
4-40 
1-64 
4-96 
2-04 

571 

2-45 

626, 

286, 

6-76 ' 

3-28 

7-24 

3-68 

7-65 

4-08 

8-08 

4-48 

8-46 

4-90 
885 
5-31 
920 
5-72 

956 

612 

989 

6-56 
10-24 

6-96 
1055 

7-36 
1005 

776 
1114 

8-16 
11-40 



0-98 
3-98 

1-47 

4-84 

1-96 

5-60 

2 46 
6-26 

2-94 

6-85 
3-43 
7-40 
3-92 
790 

4-41 

843 

4-90 
885 
5-39 
9-28 
5-88 
969 
6-37 

1009 
6-S6 

1048 

7-38 

1086 

7-84 
1120 

8-35 
11-55 

8-82 

1188 

9-31 

1220 

9-80 
12 52 
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Table 13 — (contimied). 
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2l 




21 


//. 




w 


22 


Hr 




W 


23 


H, 




w 


24 


H. 




w 


25 


H, 




w 


26 


H. 




w 


27 


H. 




w 


28 


H, 




w 


29 


H, 




w 


30 


H, 




w 


31 


H. 




w 


32 


Hr 




w 


38 


H, 




w 


34 


H. 




w 


35 


H. 




w 


36 


H, 




w 


37 


H, 




w 


38 


H. 




w 


39 


H. 




w 


40 


H. 




w 



Internal diameter of the heating tube in mm. 



10 I 20 , 30 ' 40 ' 50 ' 60 I 70 : 80 I 90 I 100 125 ' 150 



1 4-32 4-87 
18-31 880 



4-42 

8*40 

,402 

I 8-59 

I4-82 

i 8-78 : 



5-10 

904 

5-33 
9-20 

5-56 
9-48 

' 5-78 

9-60 

600 

979 

G-22 

9-97 

6-44 

10-14 

I 6-70 

110-35 



5-61 
9-47 

6-88 

9-69 

614 

990 

6-40 
10-10 

6-66 
10-32 

6-92 
10-52 

7-18 
10-71 

7-44 
10-90 

7-74 

11-09 

8-04 
11-34 

8-26 
11-49 

8-48 
11-88 



6-25 
10-00 

6-64 
1022 

6-84 
10-46 

714 
10-69 

7-42 
10-89 

7-70 
11-09 

7-99 
11-29 

8-28 
11-48 

8-61 
1173 

8-94 

'1200 
9-10 
12-06 
9-44 
12-28 
I 9-77 
1 12-50 
1 10-10 
112-72 

10;43 
,12-92 

10-76 
! 1312 



700 
10-58 

7-28 
10-74 

7-55 
10-98 

7-88 
11-20 

8-20 
11-45 

8-52 

11-65 

8-84 

11-89 

9-16 

1210 

9-63 

12-34 

9-90 

12-56 

10-15 

12-72 

10-40 

12-92 

10-77 

13-12 

11-14 

13-36 

11-51 
13-60 
11-88 
13-80 
12-20 
14-00 
12-52 
14-16 
12-84 
14-32 
14-16 
1504 



8-56 

1170 

8-96 

12 00 

9-38 

12 24 
9-80 

1252 
10-21 
1280 
10-62 
1304 
11-03 
13-28 
11-44 

13 52 

11-84 

13-76 

12-24 

1400 

12-68 

14-24 

13-12 

14-48' 

13-52 

1462 

13-92 

14-92 

14-32 

1612; 

14-72 ! 
15-361 
15-12 

15-56 

15-62 

15-76 
15-92 
15-96 
16-32 
16-16 



10-29 
12 84 

10-78 

1312 

11-27 
13-44 
11-76 
13-72 
12-25 
1400 
12-74 
14-28 
13-23 
14-56 
13-72 
14-84 

14-24 

15-08 

14-76 

15 36 

15-22 

15-60 

15-68 
15-84 
16-19 
1608 
16-70 
16-36 
17-17 
16-56 

17-64 
16-80 
18-13 
1704 
18-62 
17-28 
1911 
17-78 
19-60 
18-72 
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diminish the temperature difference to such an extent that the heat 
transferred per sq. m., with an excessive initial velocity of the steam, 
is really smaller than when it retains its full pressure to the end 
of the pipe. 

The connection between diameter and length of tube, velocity and 
pressure of steam, may be explained in the following manner : — 

The heat passing through the walls of a steam tube into the 
surrounding boiling water is equal to the heat set free by the con- 
densation of the steam. Thus we have the equation : 

22me^sldirl^-^v^^QOcy (49) 

in which d is the diameter of the tube, I its length, v^ the velocity 
of the steam on entering the tube (all in m.), c the heat of evapora- 
tion of 1 kilo, of steam, y the weight of 1 cub. m. of steam, e^ the 
difference in temperature. 

By a transformation of this equation (49) we obtain the connection 
between the length and diameter of the tube. 

d- 4O200 "^^^^~gr • • • • ^ ^ 
The external surface of the tubes should have been taken here as 
the heating surface, but in equation (50) the thickness of the metal 
was neglected in order to obtain a compact formula, the internal 
diameter of the tube being taken as equal to the external. This 
inaccuracy makes the calculated lengths of pipe about 10 per cent, 
too great, which must be remembered in applying equation (60). 

The velocity with which the steam enters is conditioned by the 
dimensions of the tube, the difference in temperature and the fall 
in pressure in the tube. The latter cannot, however, well be calcu- 
lated, not even by means of equation (143), which does not hold good 

for complete condensation, thus the proper ratio, -,, cannot be found 

with certainty from equation (50). It must suffice to assume the 
greatest advisable length of pipe from the results of experiment. 

The lower the pressure of the steam, and the greater the tem- 
perature difference between steam and boiling liquid, the shorter 
must the tube be. For differences in temperature of 30°-40° C, the 

following values of the ratio -j are suitable : — 
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Absolute pressure 
of steam, atmos., 5 4 3 2 15 1 25 0*8324 0*466 

-^ = 275 250 225 200 175 150 125 100 
For any other difference in temperature, O^y the highest value of the 
ratio -4- is then 

l^_ 61 



^1 dJO^' 

For the sake of convenience in calculation it may be stated that 
the values of 0*725cy for the above steam pressures are 

997, 817, 631, 438, 340, 288, 203, 116. 

If the steam is to be used in the heating tube at its original high 
pressure, and, consequently, its highest temperature, it must not be 
throttled on entering the tube. The valve admitting the steam must 
be of fair dimensions. 

If the highest available steam pressure is required to be exerted 
in the coil, then the velocity of the steam on entering may be 30 m. 
If, on the other hand, a certaui fall in pressure from the main steam 
pipe to the heating tube is permissible, the steam may enter with a 
velocity of 50-60 m. The latter is regularly the case, when the 
available steam pressure is higher than is required in the coil. 

Table 14 may assist in the choice of the steam valve. In it are. 
given the weights of steam at different pressures which pass in one 
hour with a velocity of 30 m. through valves of 10-350 mm. diameter. 
For higher or lower velocities the weight of steam admitted is natur- 
ally proportionately larger or smaller. 

Example. — The dimensionB of a steam coil are to be determined, by which in* 
one hour 800 kilos, of water, or 800 kilos, of dilute alcohol (60 per cent, by weight), 
or SOO kilos, of ether, can be evaporated, when the available steam is at a pressure 
of 4 or 1-25 atmos. absolute. 

The heat of evaporation of 1 kilo, of dilute alcohol vapour of 60 per cent, strength 

876 
by weight is 376 calories, i.e., as large as for ^r^ = 0*7 kilo, of water. Thus, in re- 
gard to the consumption of heat, SOO kilos, of the vapour of water + alcohol are 
equivalent to 210 kilos, of steam. 

The heat of evaporation of 1 kilo, of ether is 97 calories, thus 800 kilos, ol 
ether are equivalent to 

97 
' 300 g^ = 64 kilos, of steam. 
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Table 14. 

The weight of steam which enters with the velocity v^ » 30 m. and at 

mm. diameter, without 















Diameter 


n 
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p 1 


. 1 


10 


16 


20 


26 


30 


36 


40 


46 


60 


66 


60 


team pi 
tmos. a 


































Weight of steam, in kilos, per 


CQ < 


cctS 












1-00 


100 


5 


12 


20 


82 


46 


63 


82 


103 


126 


164 


184 


1-25 


106 


6-3 


14-3 


25 


40 


87 


78 


101 


132 


168 


191 


278 


1-50 


112 


7-5 


17 


30 


47 


68 


92 


120 


164 


188 


227 


270 


2 


121 


10 


23 


39 


63 


88 


120 


167 


200 


245 


298 


366 


2-6 


128 


12 


28 


48 


76 


110 


149 


194 


246 


304 


867 


438 


3 


134 


14 


32 


66 


89 


128 


173 


226 


286 


363 


428 


610 


4 


144 


19 


48 


76 


130 


170 


231 


300 


280 


471 


670 


680 


5 


152 


27 


53 


93 


146 


210 


285 


372 


472 


583 


706 


841 



Thus there are to be evaporated 

800 kilos, of water, 800 kilos, of alcohol + water, 300 kilos, of ether, 
or 800 „ „ 210 „ water, 64 „ water. 

The boiling 
point is 100° 92-5° 87° 

(a) For steam at 3 atmos. (= 4 atmos. absolute) = 144° C. 
The temp. diff. 
is thus 44° 51-6° 107° 

We shall assume that in reality the temperature difference is about 10 per 
cent, less, 
4.e., 40° 46° 96° 

For 1° temperature difference the heating tube must evaporate 

^ = 7-5 kilos., ^ = 4-66 kUos., ^ = 0-506 kilo, of water. 
40 4o \fo 

From Table 13 we now find that there is required 

1 tube of 60 mm. x 18 m. 40 mm. x 10 m. 10 mm. x 0*6 m. 

= 3*62 sq. m. = 1-36 sq. m. = 0*026 m. 

or 2 tubes of 40 mm. x 7 m. 26 mm. x 4 m. — 

= 1*92 sq. m. = 0-72 sq. m. — 

or 3 „ 30 mm. x 4 m. — — 

= 1-29 sq. m. — — 

(6) For steam of 0-26 atmos. (= 1*26 atmos. absolute) = 106*38° C. 
The temp. 

diff. is 6*38° 13*88° 69*38° 
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Table 14. 

pressures of 1-5 atmos. absolute in one hour, through valves of 10-350 
sensible loss of pressure. 



of the steam valve in mm. 


65 


70 


80 


90 


100 


125 


150 


175 


200 


250 


300 


350 


hour, which enters with a velocity of 80 m. 


215 250 


825 


413 505 


802 


1144 


1560 


2192 


3206 


4576 


6254 


267 820 


408 


527 1 682 


993 


1422 


1982 


2529 


3972 


5688 


7745 


317 367 


429 


657 ' 752 


1172 


1679 


2292 


8000 


4686 


6714 


9188 


415 483 


628 


795 1 980 


1538 


2209 > 3014 


3938 


6148 


8816 




513 595 


774 


980 


1214 


1895 


2726 3717 


4862 


7600 






597 693 


900 


1144 


1412 


2209 


3180 I 4406 


5764 








796 926 


1204 


1520 


1881 


3004 


4254 1 5820 










985 1143 


1485 


1888 


2832 


3704 


5247 ' 











The real temperature difference is again assumed to be about 10 per cent. 



less. 



5-5° 



12° 



63° 



Thus for V temperature difierence the hot tube must evaporate 



800 
6-5 



= 54-6 kilos. 



210 
12 



= 17-5 kilos. 



54 
63 



= 0-86 kilo. 



From Table 13 we now find there are required 
3 tubes of 150 mm. x 40 m. 1 tube of 150 mm. x 39 m. 1 tube of 10 mm. x 1 m. 



or 4 



or 6 



or 8 



oris 



= 57 sq. m. 
150 mm. x 24 m. 
= 47 sq. m. 
100 mm. X 15 m. 
= 29*7 sq. m. 
80 mm. X 12 m. 
= 25*8 sq. m. 
40 mm. X 6 m. 
= 12-2 sq. m. 



= 19*1 sq. m. 

2 tubes of 100 mm. x 15 m. 

= 9*9 sq. m. 

3 „ 60 mm. x 11 m. 

= 6*6 sq. m. 



= 0-04 sq. m. 



A heating surface for evaporating may be oonstruoted to consist 
of a single tube, diminishing in diameter towards the end either 
gradually or in steps, or of several parallel tubes, the numiber of 
which is diminished towards the end {e.g., from 4 to 3, to 2, to 1). 
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The researches published up to the present show that the coeffi- 
cient of transmission for such heating surfaces is not less than for 
short tubes of equal length of the same section throughout. 

Since, however, as soon as the length becomes somewhat con- 
siderable in proportion to the diameter (l = 600 d to 800 d)j the 
pressure of steam in the tube sinks to a great extent towards the 
end, the difference in temperature between steam and liquid also 
sinks inconveniently, and the evaporation per sq. m. becomes small. 

Short narrow tubes make the most efficient heating surface. 



K iote -H 



-^^ 




Fig. 6. 

Example,^An actual esse (see Fig. 6). Eight equal horizontal brass tubes (70 
per cent, of copper), of 10 mm. bore, 12 mm. external diameter and 8000 mm. 
length, supplied with steam at 111*98° C. on entering, 108*2" C. on leaving, evapor- 
ated in one hour at lOO"* G. 141 litres of water, originally at 28''. The total 
heating surface is H, = 1*8 sq. m. 

The difference in temperature at the beginning is $a = 11*98^ 

end is $, = 8*2^ 

The mean temperature difference would be obtained from Table 1 : (since 
8-2 ^,««^j^ ^^ ^ ^ gg ^ j^^^g ^ g,^o 



11*98 



= 0*1 



Since, however, the first portion of the heating surface is larger than the 
second, Bm must be taken as 7*1*^, hence the observed coefficient of transmission, 



, _ 141(685 



28) 



7-1 X l-S 



= 7000 approx, 
1*8 



The average heating surface for 1 tube is -^ 
obtain the calculated coefficient, 

8867 



0*225 sq. m., from which we 



fc. = 



^0*226 



= 7090. 
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C. Evaporation and Heating by Means of Double Bottoms 
and Wide Jacicets. 

Steam admitted to double bottoms or wide cylindrical jackets, 
the other surface of which is in contact with boiling liquid, does not 
pass over the whole heating surface as regularly, and is not forced on 
to the heating surface in the same manner, as in a coiL Immediately 
after it enters the wide space, the steam spreads and takes the 
shortest path to the open. This is probably the reason why the 
results of experiments on evaporation in jacketed pans do not show 
a regular relation between the transference of heat and the size of 
the heating surface, which was the case with heating' coils. Large 
and small jacketed pans give almost the same transference of heat 
The published values for k, vary greatly, they range from k, = 1300 
to k, = 3300. The chief cause of the variation is probably the 
incomplete removal of air. On an average it may be taken that, 
in evaporating water in a copper pan with a double bottom or jacket, 
k, = 1400 to 1800 ; for bottoms up to 1 m. in diameter k, = 1800, 
from 1 to 1*3 m. diameter k, = 1700, from 1-5-2 m. diameter 
k, = 1600, and for larger pans k„ = 1400. The transmission of heat 
by copper double bottoms for the evaporation of water is thus : — 

C = HM400 to mj.800 (51) 

In the case of small pans up to 1 m. in diameter, the mean 
difiference in temperature during boiling may be assumed to be about 
0*85 of that at the steam entrance ; with pans of 1-2 m. diameter about 
0*75, and with larger pans about 0*65 of the same amount. But all 
these figures are somewhat variable, and it is not yet possible to 
ascertain what causes produce, now a larger, and then a smaller, 
fall in pressure in the double bottom in each case. The distance 
from the boiler, the bore of the steam pipe, the loss of heat in it, the 
kind of pan, the form and nature of the steam entrance and its width 
all play a part. 

With steam at 3-4 atmospheres pressure in the boiler it will be 
found that, in an open pan with a double bottom of about 1-2 sq. 
m., 80-100 litres of water are evaporated in one hour per sq. m. from 
quite dilute solutions. In larger pans the efficiency is somewhat 
smaller. In this case it is very advisable to arrange several entrances 
for the steam, by which the efficiency is considerably increased. 
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By means of equation (51) the following figures have been calcu- 
lated, showing how great an evaporation of water per hour may be 
expected with copper double pans of 500-3000 mm. diameter, with 
one steam entrance and steam pressures of 2-5 atmospheres absolute. 

Diameter of the bottom in mm. 
500 800 1000 1250 1500 1750 2000 2250 2500 2750 3000 

Depth of the bottom in mm. 
200 300 400 500 550 600 600 700 800 900 1000 

Heating surface of the bottom in sq. m. 
0-33 0-79 1-26 202 2*7 362 43 55 68 8-5 1036 

Atmos. 
abs. Water evaporated in litres per hour. 

[2 18-5 44 56 95 127 163 190 193 238 297 360 

3 30 62 92 159 212 271 300 315 388 488 590 

4 44 104 132 209 280 358 400 420 503 627 766 

5 50 117 156 248 330 421 500 525 583 726 888 

If 2-4 steam inlets are provided for the larger pans, the hourly 
evaporation may be half as much again as here given. 

Example. — It was observed that, in a double-bottomed pan of 3450 mm. 
diameter (11'2 sq. m. heating surface), in one hour there were evaporated by 
steam of 2-2*5 atmos. absolute pressure 1200 litres = 107 litres per sq. m. ; 
by steaiti of 2*5-3 atmos. absolute, 1500 litres = 134 litres per sq. m. (four steam 
entrances). 

If the water in a double pan is not boiling, but is only to be 
warmed by the steam, on account of the low temperature of the water 
the difference in temperature between steam and water is considerably 
greater than when the water boils. The tension of the steam then 
usually falls considerably even at the entrance, and when the heating 
commences is often zero at the side opposite the entrance. As the 
temperature of the water rises, the tension of the steam in the steam 
space also increases. It may be assumed that the mean difference in 
temperature 0^, between steam and water during the whole period 
of heating until boiling commences, is about half the difference 
between the temperature of the hot steam, t^, and that of the liquid 
at first, tf, 

A ^ci - ^/ 
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The coefficient of transmission, haying regard to incrustations, 
is k, = 1400. 

Thus, during the period of warming, the following quantities of 
heat are conveyed to. the non-boiling liquid in one hour through a 
copper double bottom heated by steam : — 

C = UOOHS^ = 700H{t^ -- t,) (52) 

to C = 1800il^„ = 900H{ta - ty), 

from which the heating surface may be calculated for any case. 

In most cases, in which steam of about 3-5 atmospheres pressure 
(130''-160° C.) is supplied to the pan, 1000 litres of water can be 
heated in 1 hour from 10° to 100** C. per 1 sq. m. of double bottom. 
If the liquid to be heated is thicker and less mobile than water, only 
a smaller efficiency can be expected. As the example in Chapter 
VII. shows, the transmission of heat increases as the temperature 
of the liquid rises. 

Examples. — The following are actual observations : — 
720 litres of water were heated from 13^ to l(Xf G. in 28 mins. by 1*2 sq. m. (diameter 

of pan 1000 mm.) by means of steam at S^ atmos. pressure, i.«., 1285 litres 

per sq. m. per hour. 
640 litres of water were heated from 12° to lOO'' C. in 30 mins. by 1*2 sq. m. (diameter 

of pan 1000 mm.) by means of steam at 3^ atmos. pressure, i.e., 1068 litres 

per sq. m. per hour. 
89-6 litres of water were heated from 20° to 100° G. in 16 mins. by 1*45 sq. m. (dia- 
meter of pan 540 mm.) by means of steam at 4 atmos. pressure, i.e., 746 

litres per sq. m. per hour. 
1075 litres of water were heated from 19-25° to 100° G. in 47 mins. by 1*5 sq. m. 

(diameter of pan 1295 mm.) by means of steam at 3^ atmos. pressure, i.6., 

921 litres per sq. m. per hour. 
4200 litres of mash were heated from 52-5° to 100° G. in 45 mins. by 4*5 sq. m. 

(diameter of bottom of pan 2450 mm.) by means of steam at 100° to 139° G. 

in the double bottom, i.e., 970 litres per sq. m. per hour. 
5000 litres of mash were heated from 65° to 100° G. in 20 mins. by 5*8 sq. m. (dia- 
meter of bottom of pan 2450 mm.) by means of steam at 3*5 atmos. 

absolute, i.e., 2596 litres per sq. m. per hour (two steam inlets and stirrer). 
21,000 litres of wort were heated from 68-5° to 100° G. in 50 mins. by 11*2 sq. m. 

(diameter of bottom of pan 3400 mm.) by means of steam at 3*5 atmos. 

absolute, i.e., 2256 litres per sq. m. per hour (four steam inlets). 



CHAPTER IX. 

EVAPORATION IN A VACUUM. 

A VACUUM apparatus is a closed vessel, heated by steam, or more 
rarely by fire, and in which a lower pressure than that of the atmos- 
phere is maintained by suitable arrangements. The diminished 
pressure — the vacuum — is obtained by leading the vapours, evolved 
from the liquid which is evaporating in the apparatus, through the 
shortest possible pipe into a second closed vessel — the condenser — 
where they are precipitated directly by a jet of water or on well cooled 
metallic surfaces. 

In completely closed vessels a diminution of pressure, a vacuum, 
a partial absence of air, or even a complete loss of pressure, would 
arise through the liquefaction and disappearance of vapour alone, if 
air did not always enter from the evaporating liquid, the injected 
water, or by leakages (always present) in the walls of the apparatus. 
This air must be removed from every vacuum apparatus, thus an air- 
pump is always essential. 

A vacuum may be indeed obtained by condensing the vapours 
evolved from a closed vessel, but it will soon be decreased, since air 
enters from the liquid, from the water and through leaks. Without 
pumping out the air, a lasting vacuum cannot be obtained. 

The dimensions of the pipes, condenser and air-pump will be 
treated in later chapters. 

A vacuum apparatus may be made of any resistant form : spherical, 
egg-shaped, erect, horizontal, cylindrical, conical ; it may be made 
of wrought-iron, cast-iron, copper, brass, lead or tin, also of earthen- 
ware, glass or porcelain ; it may be heated by steam (coils, double 
bottoms, systems of tubes), by hot liquids, or it may stand on the open 
fire. Everything depends on the properties of the material which is 
being treated and the end it is desired to obtain. 
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Since a portion of the liquid, which is drawn into the vacuum 
apparatus, is evaporated and the residue remains, the capacity in 
most cases need not be as great as the volume of the dilute liquid 
to be evaporated within a definite time, but only sufficiently large 
to contain the evaporated liquid. In order to preserve a constant 
level in the apparatus the dilute liquid may be fed in as required. 
There are, however, occasional cases in which it is not permissible 
to feed after the commencement, the contents of the apparatus must 
then be equal to the volume of the dilute liquor. 

T/te proportion of the heating surface to the capacity depends on 
the object of the vacuum apparatus. For many liquids it is desirable 
to keep them in the vacuum as short a time as possible ; large 
heating surfaces and a small capacity will then be used. In other 
cases, in order to obtain crystals, the charge may be gradually 
increased. Experience must here be the guide as to the proportion 
of heating surface, which depends on the duration of crystallisation ; 
no universal rule can be ra&de, except that the capacity is arranged 
to correspond with the desired output, and the heating surface with 
the time in which a definite amount of water (or of liquid) is to be 
removed from the contents. 

The first advantage of evaporating in a vacuum over evaporation 
at atmospheric pressure is that in vacuo all liquids boil and evaporate 
at considerably lower temperatures than under atmospheric pressure, 
thus there is a greater difference in temperature between the heating 
steam and the boiling liquid, and, consequently, a much greater 
transmission of heat per sq. m. of heating surface. In fact for 
heating purpose in vacuo steam of very low pressure, at 100'' C. or 
lower, may be used with great success. The exhaust steam from 
engines and other sources may be profitably utilised, for since the 
boiling points of most liquids are 40'' C, or more, lower in vacuo , there 
is always still a great difference in temperature. 

Liquids, which boil at higher temperatures (180°-200°.210° C), can 
generally not be evaporated under atmospheric pressure by means 
of high pressure steam, since steam would be required of such high 
temperatures, and, therefore, high pressures, that its application 
would be inconvenient, if not dangerous. The boiling points of 
these liquids fall, however, in the vacuum apparatus, so that steam 
of moderate pressure, as generally employed, may be used. In a 
vacuum, rapid evaporation may be expected if there is a difference 
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in temperature of 10° C, or even of 5° C, if the liquid is not too 
viscous. 

The vapour pressures of liqtiids m a vacuum (and under pressure) 
may be calculated by means of a rule found by U. Diihring and 
published by E. Diihring in Neue Grundzuge zur rationellen Physik 
und Chemie, Leipzig, 1878. This rule, which does not appear to be 
quite reliable in all cases, runs : — 

The difference between the boiling points {tf and t^^ of a liquid at 
any two pressures, divided by the difference between the boiling points 
(C and t^J^ of any other liquid at the same two pressures, is a constant 
q for these two liquids : 



K - t\ 



(53) 



^xampie.-— The boiling point of mercury is 867° C. at 1 atmos., 261" C. at 
100 mm. pressure. The boiling point of water is 100° C. at 1 atmos., 52° C. at 
100 mm. pressure. 

357 - 261 96 « 



Then g = 



100 - 52 48 



The boiling point of mercury is 214*6° C. at 30 mm. pressure, 154'4° C. at 
6 mm. The boiling point of water is 29*1° C. at 30 mm. and 1*2° G. at 6 mm. 
pressure, hence 

_ 214-5 - 154*4 _ 60*1 _ 
^^ ~ 29*1-1-2 ~ 27-9 " 

Similar results are obtained for other pressures and liquids. 
The inaccuracy of the constant q is perhaps to be referred to insufficient 
knowledge of the boiling points. 

Thus, if the boiling point of one liquid be known at two pressures, 
the boiling point of another liquid at one of these pressures, and also 
the constant q for these two liquids, by means of this rule the boiling 
point of the second liquid at all other pressures may be calculated. 

Now if water be taken as the standard liquid, since its boiling 
points at different pressures are most accurately known, and, further, 
if 1 atmos. absolute be taken as one of the common pressures, since 
the boiling points of most liquids at this pressure have been carefully 
determined, then by means of this rule we can calculate the boiling 
points of all these liquids for all pressures, for which the constant q 
is known, or we can calculate the constant q for all the liquids, of 
which the boiling point has been observed at a second pressure. 



EVAPORATION IN A VACUUM. 



69 



Let tf » the boiling point of one liquid at a pressure of 1 atmos. 
absolute, 
t\ = the required boiling point of the same liquid at another 

pressure, 
t, = the boiling point of water at 1 atmos. pressure, 
<^« s „ ,, „ at the other pressure, 

then t^ - t\ = 5(100 - t^J) 

or t\ = «, - g(100 - t\) (54) 

Example. ^The boiling point of alcohol at a pressure of 1 atmos. is t/ = 
78*26° C, that of water at 60 mm. pressure is t^^ = 40^ C, the constant for alcohol 
is 2 = 0*904 (Diihring), thus the boiling point of alcohol at 60 mm. pressure is 
eV = 78*26 - 0*904(100 - 40) = 24*02° C. 

The constants q for about forty different liquids are given in 
Diihring's book (see above), by means of them Table 15 has been calou- 
latedy it gives for a number of liquids the boihng points under several 
diminished pressures, viz., at vacua of 526, 611, 710 and 750 mm. 

Table 15. 



The boiling points of certain liquids at vacua of 526, 611, 710 
and 750 mm., calculated by Diihring's rule. 



Water .... 
Alcohol ... 
Ether . - - . 
Acetic acid- . - 
Benzene ... 
Turpentine (oil of) 
Butyric add - - 
Glycerin - - - 
Mercury - - - 
jS-Naphthol - - 
Carbolic acid - - 
Cresol .... 



Con- 
stant. 



0-904 

10 

1164 

1125 

1-329 

1-228 

1-25 

2 

2 

1-2 

1-2 



760 mm. 
abs. 


280 mm. 

abs. 
526 mm. 

vac. 


189 mm. 

abs. 
611mm. 

vac. 


50 mm. 

abs. 
710 mm. 

vac. 



Boiling points, t^/. 



100 


70 


78-26 


6114 


34-97 


4-97 


119-7 


84-58 


80-36 


46-61 


159-15 


119-28 


161-70 


124-86 


290 


252-5 


35725 


297-25 


290 


230 


178 


142 


190 


154 



60 

421 
-503 

73-17 

35-36 
106 
111-6 
240 
277-25 
210 
130 
145 



40 
2402 

-25-02 
49-84 
12-86 
79-81 
87-02 

215 

237-25 

170 

104 

118 



10 mm. 

abs. 
750 mm. 

vac. 



10 

-3-1 
-55-09 

15 
-20-9 

29-54 

51-2 
177-5 
177-25 
110 

70 

82 
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The second great advantage of evaporating in a vacuum is that the 
liquid does not become as hot as at atmospheric pressure, and that 
also the heating surfaces, since steam of a lower pressure is used, 
remain at a lower temperature — both great advantages, and even 
necessary for certain industries which deal with organic materials, such 
as milk, blood, gelatine, albumin. These substances require, if they 
are not to turn brown, or coagulate, not only that they themselves 
shall be evaporated at a low temperature (60**, 50°, 40" C), but also 
that the heating surface shall not be too hot, in fact, shall not 
exceed certain limits which are different for each liquid. Now, as 
we have always observed, the side of the heating surface in contact 
with the liquid is always at a lower temperature than the side in 
contact with the heating medium, so that the latter may he somewhat 
warmer than the liquid may become, since the liquid never attains 
the highest temperature. This is, however, only the case when the 
liquid moves rapidly over the heating surface, so that its molecules 
have not time to attain a higher temperature and be injured thereby. 
Stirrers and violent ebullition afford a good protection against local 
overheating in liquids ; however, these means are often insufficient, 
and then the best method consists in keeping the temperature of 
the steam so low that no damage may be done under the most 
unfavourable conditions. This is attained in a happy manner by the 
evaporation apparatus of C. Heckmann, Ger. Pat. No. 60,588. 

The transference of heat between steam and- liquid in vacuo is 
greater than at ordinary pressures, corresponding to the greater 
difference in temperature. Equation (47) may be used to calculate 
the heating surface, consisting of tubes containing steam, for vacuum 
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Table 13 gives the evaporative efficiency of copper heating coils 
for vacuum apparatus also. 

In the case of double bottoms it may be assumed that the trans- 
mission of heat takes place in vactio according to equation (51). 

a = HO J. (61) 

in which, For water, Ar, = 1600 ; 

„ thin liquors, k, = 1200; 
„ thick „ k, = 900-500. 
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Experience shows that in a vacuum apparatus at 650 mm. vacuum, 
there are evaporated in one hour per 1 sq. m. of heating surface : — 



riti 


I exhaust steam at 110*' C, from water 


100-110 litres. 


9f 


11 thin liquors - 


60- 70 „ 


ft 


11 11 11 11 thick „ 


30- 45 „ 


11 


high pressure steam at 130° C, from water 


130-175 •„ 


11 


„ thin liquors - 


80-100 „ 


19 


„ „ 11 11 thick „ , - 


40- 55 „ 



CHAPTER X. 

THE MULTIPLE EFFECT EVAPORATOR. 

The processes which occur in a multiple evaporator, both in regard 
to the efficiency and the consumption of steam, are somewhat more 
complicated than in a simple evaporator, and not at first sight 
comprehensible. They will, therefore, be treated at some length. 
In considering these evaporators there are two questions of principal 
importance, which will be dealt with in the present chapter : — 

A. How much water is converted into steam in each separate 
vessel of the multiple evaporator, and how much lieating steam does 
each consume ? 

B. What is the composition (percentage of solid or dry matter) 
of the liquor in each vessel? 

A. The Evaporative Capacity of Each Vessel 

depends on the following conditions : — 

1. The temperature and pressure of the heating steam. 

2. The temperature and pressure of the steam produced in each 

separate vessel. 

3. The extent to which the liquid is to be thickened, and its 

specific gravity. 

4. The nature of the liquid, with regard to the ease with which 

it evolves steam. 

5. The height of the boiling layer of liquid in each vessel. 

6. Whether steam is withdrawn only from the first, or also from 

the following vessels ('' extra steam," which may be used 
for heating other apparatus). 

7. Whether the condensed water, from the steam used for heat- 

ing, is separately removed from each vessel or whether it 
all leaves with the temperature of the last vessel. 
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It will be assumed at first that the liquid to be evaporated is 
introduced into the first vessel at the temperature therein prevailing, 
80 that no expenditure of heat is required for raising the temperature 
in the first vessel. 

It will be at once seen that the influence of all the above^ 
mentioned conditions on the evaporative capacity cannot be ex- 
pressed in figures, if the results of experience and experiment are not 
specially employed to assist. However, the conditions of each case, 
though expressed definitely in figures, may change so entirely and 
produce so many variations, that conclusions applicable in all cases 
cannot be drawn from a few cases, without great inaccuracy. 

The process of evaporation is as follows : — 

The steam from the liquor in the first vessel, D^, produced by 
the action of the hot steam, Dq, which is supplied externally, passes 
into the heating chamber of the second vessel, there in its turn 
produces vapour from the liquid, and is condensed, escaping with 
the temperature, t^, prevailing in the lower part of the liquid in that 
second vessel. The weight of liquid, TT, which has lost the weight 
of water, D^, by evaporation in the first vessel, and which, con- 
sequently, now weighs W - D^, passes, at the mean temperature, 
i^i, of the first vessel, into the second vessel, in which the mean 
temperature is only t^^- Thus, in cooHng from t^^ to t^^ ^^ must 
form steam. If c^ be the total heat of the steam in the second 
vessel, then by reason of the hotter liquor entering from the first 
vessel 



(W- I>j)«„. - <„,) 



^2 ~ *m2 



(55) 



kilos, of steam must be evolved. 

In the second vessel steam is thus evolved both by reason of the 
heat of the hot liquid itself and also because of the steam, D^ coming 
from the first vessel. 

In the third vessel steam is produced both by the heat of the 
entering liquor {W - D^ - D^ and also by reason of the heat of 
the steam, B^, which is the total steam produced in the second 
vessel. 

In the fourth and following vessels similar actions are produced, 
so that, in addition to the repeated action of the hot steam, there 
is also the repeated action of the steam produced by the decrease 
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in temperature of the liquor. Since 1 kilo, of steam at 100° C. contains 
more heat than 1 kilo, of steam at 60" C, it follows that 1 kilo, of 
hot steam at lOO'' will produce more than 1 kilo, of steam at 60°. 
Neglecting the effects of higher boiling points and high columns of 
liquid, and considering simply the action of the steam, we find that 
1 kilo, of steam, evolved in one vessel, must always produce more than 
1 kilo, of steam in the next vessel, since the total heat (sensible and 
latent) of the hot steam is used, mifiiis the quantity of heat carried 
away in the condensed water, the temperature of which is equal 
to that of the boiling liquid in the second vessel. In order to produce 
1 kilo, of steam from this boiling liquid, there is thus required the 
heat proper to 1 kilo, of steam mimis the quantity of heat contained 
in the liquid. 



nr-z 



HJt 
L 









JT-A 



Fig. 7. 



ir-n-A 



^, 




Fig. 8. 

, This purely schematic process sufifers alterations by reason (of 
the conditions enumerated above. 

Although, as we shall see later, the somewhat complicated for- 
mulae, based on the principles just laid down for estimating the 
evaporative capacity of each single vessel, have no great practical 
value, yet they will be given here. 
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Figs. 7 and 8 give diagrammatic pictures of double and triple 
effect evaporators, in which the letters represent the conditions 
at their respective positions : — 

W = the weight of Uquid introduced into the first vessel. 
JJ = the weight of Hquid drawn from the last vessel. 
if = the temperature of the liquid to be taken into the first 
vessel. 
Z>Q = the weight of heating steam used in the first vessel. 
Cq = the total heat in 1 kilo, of this steam. 
Z>i, Dj, i>3 = the total weights of steam evolved in the vessels. 

^\% ^^ H = *^® ^"^^ heat in 1 kilo, of each of these quantities of steam. 
^i» ^t* h = *^® temperatures in the steam spaces of the vessels I.,^ 
II., III. 
^mi* ^m2« ^ms == ^^ temperatures of the middle layers of the liquor* 
*»i. ^ust ^«8 = <J^© temperatures in the lowest layers of the liquor* 
^if ^2» ^s " ^^^ weight of condensed water running out of the^. 

vessels. 
The temperature of an evaporating liquid of any considerable depth 
is not the same at all parts, it is lowest at the top, highest at the bottom 
and has a mean value about the middle, since the specific gravity (which 
is almost always more than 1 and may reach 1*4), and the height of 
the column of liquid under which the vapour is evolved, cause a 
higher vapour pressure, and thus a higher temperature of vapour and 
liquid. 

In order to obtain the equations representing the consumption of 
heat in the separate vessels, the following facts are utilised : — 

1. In the condition of equihbrium the quantity of heat supplied 

to one vessel must be equal to that which it gives out. 

2. The weight of the heating steam used in each vessel is equal 

to the weight of the condensed water formed in that vessel. 
For the doiible effect evaporator the following equations are 
deduced from these conditions: — 

D^ = fe^, Dj = 6„ (7 = TF - Di - D^ (66) 

D, =. ir - CT - i)i 
{W - D,)t^, + D,c, = D,t^^ + D^c^ + (TF - Dj - D,)t^^ 

D^^W- U- D, (67) 

5 
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Dj = ^(^2 - ^-i) - UJOj - i-ni) (58) 

j>^ _ -Pi(^i - ^> ni) + Tr(^., ■ t,) ^^^^ 

For the trz/;Ze effect evaporator the following equations are deduced 
from the same conditions : — 

J^iC^i - U + U - ^-2) + ^(^".i - ^.»2) = ^2(^2 - ^-2) 

1) = -^2(^2 "" ^m2) ~ ^( Cl - ^fn2) /gQ\ 

^1 " ^»«1 ^" ^»a2 ~ ^«2 
^^2^2 + (^' + -^3)^«.2 = ^2^«3 + -^3<^3 + ^^-3 
^^2^2 + ^^*«2 + -C)3^.„2 = I>'lU + -^8^3 + ^^^-3 
A(C2 - ^«3) + W^2 - ^^s) = ^3(^3 - ^ms) 

2) -- -^2(^2 ~ ^ms) "^ ^(^«2 ~ ^mz) /g2\ 

^3 - ^•"2 

Z>i + Z>2 + Z>3 = TT - (7 

A(^2 - ^>n2) - W{t^, - L2) ^ ^^ 

+ ^2(^ 2 - ^uz) + C7 (<,,2 - ^^3) ^^r^u 

Cz - ^fn2 

jT) A , ^2 ~ ^>n2 ,_ ?2J7 _^ \ _|_ ^(^m2 - ^f..3) 

\ ^1 "^ ^m2 " ^ml ~ K2 ^8 ~ ^♦»»2/ ^3 ~ ^"»2 

Wit„, - <„,) ^jY_ (J _ (62) 

^1 ~ ^"»i + ^to2 "" ^"2 

i>oCo + Wt, = DjC, + D„«., + {W- D)t„, 

D^Co + Wt, = X>,Ci + D,t., + WCi - I>i<„i 

i>o(Co - <-i) + W'(</ - Ci) = D,(c, - <„i) 

iJ„ ■ -^i^*^' - ^-i) - ^^^(^^ - *"i ) (63) 

It must be admitted that the formulas for the double effect are not 
very elegant, and for the triple effect are already exceedingly compli- 
cated; for the quadruple effect quite cumbrous formulas would be 
obtained, which are therefore not given here, and which, moreover, 
would not be applicable in practice. 

It would be possible, by means of these equations for the double 
and triple effect evaporators, to calculate the evaporative efficiency of 
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each single element, and the consumption of steam for the whole 
apparatus for any definite case, if the temperatures prevailing in each 
vessel were known. This is, however, a priori not the case, for in 
order to calculate the efficiency of an evaporator only the following 
are given : — 

1. The evaporation, W - C7, to be accomplished in unit time. 

2. The temperature, tj, at which the liquid enters. 

3. The temperature of the heating steam, t^^ and its total heat, Cq. 

4. The vacuum in the last vessel, hence t^ and c^. 

The formulffi require, however, as has been said, a knowledge of a 
number of temperatures, which are conditioned by the form and size 
of the heating surfaces, the height of the boiling layer of liquid, and 
the specific gravity of the liquid, all of which are not known d priari. 

It would thus be necessary, if the above equations were to be 
utilised, to assume arbitrary values for these temperatures, without 
warranty that they would really be attained in the constructed 
apparatus. 

Thus the only possible way of recognising the influence of all 
these conditions on the result, lies in calculating the evaporative 
capacity of the single parts of the apparatus for a large number of 
different conditions, chosen arbitrarily, with particular attention to 
limiting values. If the results so calculated be arranged in tabular 
form, then it will be fairly easy to see in each case how the result is 
altered when those conditions (temperatures, pressures, etc.,) are varied 
which are independent of the data. 

It is first necessary to consider in some detail the processes in the 
apparatus, before performing the calculations and arranging the tables. 

It is at once evident the amount of evaporation in each vessel is 
not the same, but rather is different in each, since the liquor, in 
passing from a warmer to a colder vessel, must use its excess of 
heat in evaporating water. The larger is the difference in temperature 
between two vessels, the larger will be this evaporation, which we 
may call the self -evaporation. The difference in temperature between 
the single vessels of an evaporator may be very different. 

It is of considerable importance to know how much hot steam 
must be supplied to the first vessel in order to accomplish a certain 
desired evaporation in the whole apparatus. Other conditions being 
the same, this necessary consumption of heating steam will be the 
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smaller, the more self-evaporation takes place in the separate vessels. 
On this account, also because a more accurate idea of the procedure 
of the evaporation will be obtained, and finally because it is the 
simplest course (especially if certain approximations be permitted), in 
the next place we shall find how much water is changed into steam 
by self -evaporation in each vessel of a multiple evaporator in dififerent 
cases arbitrarily chosen, and then how much heating steam is used in 
each vessel, and especially in the first. 

An inspection of Fig. 9 will facilitate the formation of the equations 
given below. 

The specific heat, ay, of the liquid wiU in what follows always be 
taken as unity. Its boiling point will be taken as equal to that of 
water ; if it is higher, the self -evaporation is somewhat larger. 

In the first vessel, by means of the admitted heating steam, dj^, the 
weight of liquor, TT, is first heated from its original temperature, t^ to 
the temperature, t^-^, prevailing in the first vessel, and then by more 
heating steam, d^, the weight of water, e^^, is converted into vapour. 
The condensed heating steam, d^ + d^ = b^ = D^, flows away at the 
temperature, t„y 

The consumption of heating steam in the first vessel is thus 

D, = d.^d,^^i'^-f±-p^^^-J-^L . . (64) 

In the first vessel the steam, d^, is produced, 

d, = D,. 

The liquor (W - d^), at the temperature t^^, enters the second 
vessel, in which the temperature is t„^, and hence evolves steam 
from itself, forming the amount of steam, Sg, from its excess of heat 
(W - d,) (Cx - U. 

,^,{W-d,)it -t.,) ^^^ 

The steam from the first vessel, d^ =^ D^, enters the heating 
chamber of the second and produces steam in the second vessel: 

^i(^i - *«2) = ^2(^2 " ^«2) 
therefore ^ ^ d^icj^ - «„2) /^v 

^2 — ^"•2 
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Thus, in the second vessel the weight of steam, Dg, is formed : 

P, = ., + d, = C?^^^%^li=^) + ^ii^S^ . (67) 

From the second vessel there goes into the third the liquor 
TF - Dj - D2 = TT - (^1 - ^2 - ^2- This liquor is at the tempera- 
ture i,„2 and falls in the third vessel to the temperature t^^. The 
difference in heat produces the weight of steam, Sg. 

S3 = i^-^ -^ - ^2 - ^2 )(C2 - ^^3) .... (68) 

The steam, Sg* produced by self-evaporation in the second vessel 
has the quantity of heat, c.^; in the third vessel it evaporates the 
weight of water, 0-3. 



^3 ~ c - t — 



T. ° • - , -• (69) 

^3 " *''«3 

Finally, there comes into the third vessel the steam, (^2, which in 
its turn produces the steam, d^. 



^ ^ ^2(^2 -Jus) 

^3 - ^«3 



(70) 



The total weight of steam, Dj, produced in the third vessel is thus 
Z>3 = S3 + 0-3 + 6^3 

_ (^ - ^1 - ^2 - <^2)(^.n2 - ^, .3) + (^2 + ^'2){^2 - ^ua) 



^3 "" ^»»3 



(71) 



In the fourth vessel there is formed by self-evaporation the 
steam, s^, 

^^ {W^D,-D,-D,){t,^,-t^) ^^2) 

also the weight of steam, 0-4, produced by the steam, S3, 

(73) 






^4 »'m4 

and the weight of steam, X^, produced by the steam, 0-3, 

^^^^ic^^) (74) 

C4 - t,„4 

Finally, the steam, d.^y produces in the fourth vessel the weight of 
steam, cZ^, 

d^ = ^3(£3-U (75) 

C4 - ^„4 
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In the fourth vessel there is thus produced the total weight of 
steam, D^, 
I>4 = 54 + ^^4 + 0-4 + X4 



^4 ~ ^«4 



(76) 



It is now necessary to make a deviation, in order to simplify 
these still very complex equations, especially in regard to the many 
different temperatures. 

It is known that the temperature of the boiling liquid is not the 
same in all parts ; at its surface the boiling hquid has the temperature 
of the vapour evolved — ^j, t^y t^ or t^ — but at the bottom the steam 
bubbles have to penetrate the layer of liquid, they must therefore over- 
come a pressure corresponding to the column of liquid. Thus the 
steam must have a greater pressure at the bottom of the liquid than 
at the top, and to this pressure corresponds a higher temperature of 
the steam. 

If Sy be the specific gravity of the boihng liquid, hf its height in 
metres, B the height of the water barometer = 10*333 m., then the 
hydrostatic pressure at the lowest level of the liquid is, in atmospheres, 

P-''-jj^ (77) 

or in millimetres of mercury, 

f^^S,J^ 

By means of this equation, the pressures of columns of liquid 
0*2 to 2*0 m. in height, of specific gravities, s^, from 1*0 to 1*4, have 
been calculated; the pressures are given in column 3 of Table 16. 
By adding to this pressure, the pressure above the liquid, the total 
pressure is obtained at the particular place, and thence, by means of 
the tables of Fhegner, Zeuner, etc. (see Table 9), the temperature of 
the vapour or liquid. The difference, t„^ - ^j, is the number of degrees 
of temperature by which the liquid at the bottom must be hotter 
than at the surface, in order to evolve steam. 

In the diagram (Fig. 10) the abscissas give the pressures of water 
vapour from 0-2 atmos. in cms., the ordinates the temperatures of the 
vapour at these pressures, according to Zeuner. By means of this 
diagram the temperatures in Table 16 were determined, by adding to 
the absolute pressure over the liquid the hydrostatic pressures given 
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in column 3, and then seeking in the diagram the temperature 
corresponding to the sum. 

Curve showing the temperatures of steam at absolute pressures from. 
to 152 cms. of mercury. 
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Example. — At a vacuum of 668 mm. the absolute pressure is 92 mm. of 
mercury, the temperature of water vapour 50° C. A column, h = 1 m. high, 
of liquid of the specific gravity, s/ = 2, exerts a hydrostatic pressure. 



6 = 



2 X 1 X 760 



= 147-1 mm. (equation 78). The total pressure at the bottom 



10-333 

of the liquid is thus 92 + 147*1 = 239-1 mm. At this pressure the diagram in 
Fig. 10 gives 70° C. The temperature of the liquid at the top is 50° C, thus the 
difierence in temperature between top and bottom is t^i - ^ = 70° - 60° = 20° C. 

It will be seen from Table 16 that in the case of liquids under a 
pressure of 1 atmos. or more, the differences between the boiling points 
at the top and bottom are not very great, and are even quite moderate 
when the specific gravity and the height of the column of boiling liquid 
are great. If, however, there is a vacuum above the liquid, the dif- 
ference between the upper and lower boiling points increases consider- 
ably, and, in the case of heavy liquids and high vacua, has a very 
disturbing effect. 

There is, as we shall at once see, a circumstance which makes 
the retarding action on the heat transference of high columns of 
liquid less sensible, but in spite of that the rule remains that it is 
in the interest of a great evaporative capacity to diminish as far as 
possible the height of the boiling layer of liquid , in order to lose as 
little as possible of the fall in temperature. 
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The reason why the lower layers of violently boiling liquids, 
which are under the whole pressure of the column of liquid, are not 
at a temperature corresponding to their hydrostatic pressure, is the 
following : — 

Consider a steam bubble rising through the liquid as divided by 
a horizontal plane at its greatest section, then a greater pressure is 
exerted on the lower half from below than on the upper from above. 
If the steam bubble had the shape of a cylinder with vertical axis 
and horizontal ends, the difference in pressure would be equal to the 
pressure of a column of liquid of the height of the cyUnder. If the 
bubble were spherical, the difference in pressure would be equal to 
the height of a column of liquid of half the diameter of the sphere. 
(The upward force itself is equal to the weight of a quantity of Uquid 
equal in volume to the bubble.) 

In large vessels, in which many steam bubbles are rising at all 
parts, the hydrostatic pressure is not altered on this account, also in 
tubular heaters a small layer of liquor on the wall of the tube, con- 
necting the liquid above and below the steam bubble, transmits the 
total hydrostatic pressure below. The larger and higher the bubble, 
the greater is the difference between the pressures acting on it frdm 
below and above, and this excess of pressure rapidly drives up the 
bubble and the liquid above it. 

The kinetic energy of the liquid thus produced often raises 
considerable quantities above the surface, which then fall back and 
sink down at less heated parts of the apparatus. There is thus 
produced a circulation : the boiling liquid rises rapidly on and above 
the heating surface, gives off its steam and excessive heat and then 
returns cooled to the bottom. 

The falling liquid is thus in fact cooler than it must be in order 
to form steam at the bottom, since it is only at the temperature of 
the surface. The difference in temperature (fall in temperature) 
between it and the heating steam is thus at first greater thati it 
should be as a consequence of the hydrostatic pressure. 

It should not be assumed that the differences of temperature, 
given in Table 16, between the upper and lower layers of boiling 
liquids, quite represent the actual conditions. These differences are 
in fact always less and only hold good for liquids at rest, which are 
not considered here. 

Since the heights of the columns of liquid are generally made as 
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Table 16. 

Increase in vapour pressure and rise in boiling point in the lowest 
gravities, s,, of 10-1 -40, and steam pressures over the liquid of 



Temperature of evaporatioD at top - C. 
Absolute pressure at top - - mm. 
Vacuum at top - ■ ■ ■ mm. 


116-4° 
1380 


lll-T" 
1140 


106-8° 
950 


100° 
760 


Height of 
the liquid, 

h,. 


Specific 
. gravity of 
the liquid. 


Hydrostatic 
pressure of 
the liquid. 

mm. of 


Temperature, in d^rees Centigrade, 


Metres. 


10 


mercury. 
16-49 










0-20 


0-0 


0-5 


0-5 


0-5 




11 


1703 


0-0 


0-5 


0-6 


0-5 




1-2 


18-58 


0-0 


0-5 


0-5 


0-5 




1-3 


20-13 


0-6 


0-6 


0-5 


1 




1-4 


21-68 


0-5 


0-5 


0-6 


1 


0-60 


10 


38-73 


0-6 


0-6 


1 


1-5 




11 


42-60 


0-6 


1 


1 


1-5 




1-2 


46-76 


0-5 


1 


1 


2 




1-3 


50-34 


0-8 


1 


1-5 


2 




1-4 


54-22 


0-5 


1 


1-5 


2 


0-75 


10 


5810 


0-5 


1-6 


1-6 


2 




11 


63-90 


1 


1-6 


1-5 


2-5 




1-2 


69-72 


1 


1-5 


1-5 


3 




1-3 


75-53 


1 


1-5 


2 


3 




1-4 


81-34 


1-5 


2 


2 


3-5 


10 


10 


77-47 


1-5 


2 


2 


3-5 




11 


85-21 


1-5 


2 


2-6 


3-5 




1-2 


92-96 


1-5 


2-5 


2-6 


3-5 




1-3 


100-71 


2 


2-5 


2-6 


3-5 




1-4 


108-45 


2 


2-5 


3 


4 


1-5 


10 


111-20 


2 


2-5 


3 


4-5 




11 


122-30 


2-5 


3 


3-5 


6 




1-2 


133-44 


2-5 


3 


3-5 


5 




1-3 


144-56 


3 


3-6 


3-6 


5 




1-4 


151-68 


3 


3-6 


3-5 


5 


20 


10 


154-91 


3-5 


3-5 


3-5 


6 




11 


170-40 


3-5 


4-6 


4-6 


6 




1-2 


185-89 


3-6 


4-5 


5 


6 




1-3 


201-38 


4 


4-5 


5 


7 




1-4 


1 216-87 

1 


4-6 


6 


6-6 


7-5 
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Table 16. 

layers of evaporating liquids at depths of hy = 0-2-2 m., specific 
1310 to 31*5 mm. of mercury. (Loss of the fall in temperature.) 



95° 
633 
126 



90° 


80° 


70° 


60° 


60" 


40° 


525 


354 


233 


148-7 


92 


54-9 


234 


405 


526 


611 


668 


706 



30° 
31-5 
728 



by which the boiling point of the liquor is higher at the bottom than at the top. 



1 
0-5 


0-5 


1 


1 


2-6 


2-5 


5 


6-5 


0-5 


0-5 


1-6 


1-5 


2-5 


3 


5 


7 


1 


1 


1-5 


1-5 


2-5 


3 


5 


8 


1 


1 


1-5 


1-5 


2-6 


3-5 


5-5 


8-5 


1 


1 


2 


2-5 


3 


4 


5-5 


9 


2 


■ 1-6 


2-6 


3-5 


4-6 


6-5 


10 


15 


2 


2-5 


2-5 


4 


5 


7 


10 


15-5 


2-5 


2-5 


3 


4-5 


5-5 


9 


11 


16 


2-5 


2-5 


3 


5 


6 


9-5 


12 


17 


2-5 


3 


3-5 


5 


6-5 


10 


13 


18 


2-5 


3 


4 


5 


7 


10-5 


14 


19 


3 


3-5 


4-5 


5-6 


7-5 


11 


16 


20 


3 


3-5 


5 


6 


8 


12 


16 


21 


3 


4 


5 


6-5 


9-5 


12-5 


17 


22 


3-5 


4-6 


5 


7 


10 


13 


18 


24 


3-5 


4-5 


5 


7 


9-5 


13 


18 


22 


4 


4-5 


5 


7-5 


10-5 


13-5 


19-5 


24-5 


4 


5 


5-5 


7-6 


11 


15 


20 


26 


4-5 


6 


6 


8 


12 


15-5 


21 


27-5 


4-5 


5 


6-5 


9 


12-6 


16-5 


22 


29 


5 


6-5 


6-5 


9-5 


12-5 


17 


22-5 


29-5 


6 


6 


7 


10 


13-6 


18 


23 


31 


5 


6-5 


7-5 


11 


14-5 


19-5 


25 


32 


6-5 


7 


8-5 


12 


15 


20-5 


26 


34 


6 


7 


9 


12-5 


16 


21 


27-5 


35 


5-6 


7-5 


9 


12-5 


16 


21 


27-5 


35-5 


6-6 


7-5 


10 


13 


17-5 


23 


29-5 


36-5 


7 


8 


10 


14 


18-5 


24-5 


30 


38-5 


8 


9 


11 


15 


20 


25-5 


32 


39 


8-6 


9-5 


12 


15-5 

1 


21 


26-5 


33-5 


41 
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small as possible, and further, since the liquor in the first vessels of 
the apparatus rarely has a high specific gravity, in most cases in 
calculating the quantity of steam developed in each vessel this difference 
in temperature between the top and bottom may be neglected without 
introducing any considerable error. In fact the error due to this 
approximation is for the first vessel rarely more than 0*25 per cent., 
for the last vessef about 1 per cent., of the steam produced by self- 
-evaporation, and may thus safely be neglected. 

In determining the efficiency of the heating surface per sq, m. and 
the temperature difference, this difference between the temperature at 
the top and bottom of the liquid should not be neglected. 

To return to the equations. In agreement with the preceding 
remarks, by neglecting the differences in the temperatures of the liquor, 
and thus removing those temperatures which are d priori unknown, 
the equations previously given may now be written as below. 

Consumption of heating steam in vessel I. : — 



Steam from vessel I. : — 



Cq - ^1 



.... (79) 
^1 = ^1 (80) 



Steam from vessel II. : — 



(w - d^){t, - g + d,{c, - t,) 



"2 - h 



(w - d,)(t, - g ^^ ^ d,{c, - g 



Steam from vessel III. : — 



£, „ {w-d,-s,- d,){t, - <3) + (s, - d,){c, - g 



'3 



Cs- '3 



(W-d,-s^- d,)(t, - g _ d,(c, - <,) 



Cj- h 



^ «2(C2 - <3) ^ ^iJC-Z - h) 



Cj - <3 Cj - <3 



Steam from vessel IV. : — 



n _ (T^ - -Pi - -P2 - D^th - h) + K + »3 + «r»)(c3 - U 

■^4 „ , 



C4- <4 



(81) 
(82) 

(83) 
(84) 
(85) 

(86) 
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g. ^ ^ ^ -_ ^ ^ 



c, - t. 






(87> 
(88) 
(89> 



Steam from vessel V. : — 



J) _ iW-D,-D,-D,- D,){t, - g + K + .r, + \, + djfa - <,) 



C»- <6 



(90> 



(TT- t7)fa-g _ <^i( ci - t,) ,g,. 

^^ = f4{£4^ ^3 = ^ 2(^2 - <») . . . . (92> 

X, = ^i(£l^ d^ = ^3(Vi«4), . . . (93^ 

tf, = i4(^ d, = ^ii£i^. . . . (94) 

To proceed now, by the aid of these equations, to calculate the 
steam evolved in each vessel in any special case : for this calculation 
only the following are known : — 

1. The quantity of liquor introduced, W, and its temperature, tf, 

2. The quantity of evaporated liquor drawn off, U, and its tem- 

perature, i^ (t.e., «2, hy h or ^5). 

3. The temperature and heat of the heating steam, t^ and c^, 

4. The temperature and heat m the last vessel, t^ and c„. 

All the remaining values, especially the temperatures and 
pressures prevailing in the separate vessels, are unknown, for they 
depend essentially upon -the ratio of the heating surfaces of the 
separate vessels to one another, and this ratio is different in almost 
every apparatus. It must thus be our next endeavour to ascertain 
the most favourable proportion of the heating surfaces, in order that 
the conditions for the least consumption of steam {Dq) may be 
found, and also that dimensions corresponding to its evaporative 
capacity may be given to each vessel. However, it is impossible at 
present to calculate these values for any special cases, because of the 
want of knowledge of the temperatures, consequently the only course 
is to assume the temperatures in the separate vessels for many cases, and 
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especially for the limiting oases, and on these assumptions to calculate 
the corresponding evaporative capacity of each vessel. When these 
many cases have been arranged in tabular form, it will be easy to 
select the best in each case. It will also appear from the calculations 
that the amount of evaporation effected in the first vessel, and also the 
actual consumption of heating steam by the multiple effect evaporator, 
are not to any considerable extent proportional to the fall in temperature.. 

In Table 17 is given the amount of evaporation obtained in double, 
triple and quadruple effect evaporators, in the separate vessels of 
which different falls in temperature are assumed. The figures are for 
the evaporation of 100 litres of liquor to one-tenth (O'l), and one 
<iuarter (0-25) ; intermediate cases are not given, since it is found that 
the extent of the evaporation has not much influence upon the output, 
the reason being that the larger the portion of the original liquor 
which is not to be evaporated, the larger is the volume of liquor taken 
from vessel to vessel, and consequently also its self-evaporation in 
the next vessel. But this self-evaporation (which is the cause of the 
greater evaporation in the later vessels than in the earlier) is always 
but a small fraction of the whole evaporation. The method of 
calculating Table 17 will at once be illustrated by means of an 
example. It is always assumed that the liquor enters at the tempera- 
ture of the first vessel, t^, A lower temperature of the entering 
liquor, which frequently occurs in practice, must naturally be com- 
pensated in constructing the apparatus by increasing the heating 
surface of the first vessel ; we shall afterwards return to this point. 

In Table 17 are first given the temperatures t^, to, t-^, t^ (in 
separate columns), which are assumed as prevailing in each vessel. 
This is done for many cases, as far as possible for the limiting condi- 
tions. Also apparatus is considered- which works at pressures above 
atmospheric, without an air-pump, e.j/., in the second line for the triple 
effect : — 

Vessel I., 130^ vessel II., 115°; vessel III., 100°. 

Then, con-esponding to each temperature, are given the total 
calories, c^, Cj, Cj,, C3, C4, contained in 1 kilo, of steam at these 
temperatures. 

Example. — 100 litres of liquor are to be evaporated to 10 litres in a quadruple- 
effect evaporator, in the elements of which the temperatures 100°, 95°, 85° and 60*^ 
C. are maintained. How much water is evaporated in each vessel ? 



Vessel ... I. 


II. 


III. 


IV. 


Evaporation - - 20 


22 


28 


25 


Liquor introduced - 100 


80 


58 


86 


r 
The self-evaporation J 
is then 1 


s, = 0-76 


«, = 1-06 
«r, = 0-745 


54 = 2-14 
0-4 = 1-08 
X4 = 0-766 
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In accordance with what has gone before, the problem can only be solved by a 

process of trials. 

If 90 litres are to be evaporated, were there no self-evaporation, each vessel 

90 
would evaporate -j- = 22-5 litres ; we know, however, that, as a matter of fact, by 

self -evaporation, the following (unknown) weights of steam are produced in the 
later vessels : s^ s- -h (t^, «4 -f- 0-4 -f- A4. Let us, therefore, assume as a preliminary 
that the evaporation is divided as follows : — 



litres. 



These weights of steam produced by self-evaporation are found from equations 
79-89, assuming the total evaporation in each vessel, as follows : — 

The self-evaporation in vessels II., III., and IV. is 

_ {W-D,-D,-D,W,-Q _ 88 (85 - 50) _ 
** ~ ^7^ - 691-7 - 50 - * " '"'°*- 

The evaporation produced in vessel III. by means of the steam, 521 >s 

,^^,^)^0_:7^5^5^^„.,,^,^,„ 

In the vessel IV. Sj evaporates 

, _ *,(«i^ g _ 1-06(632 - 50) _ 

'*- c,-t, - 621-7-50 -108 kilo. 

Finally, <t, effects in vessel IV. the evaporation, A^, 

Thus the preliminary calculation gives the following series of results : — 
Vessel ... I. II. III. IV. 

Evaporation - - 20-87 21-62 22-67 24-85 litres. 

Liquor introduced - 100 7913 57-51 84-85 kilos. 

These results do not differ considerably from the assumptions made. If they 
are made the basis of a fresh calculation, in order to obtain greater accuracy, we 
have in a similar manner : — 
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_ 34-86(85 - 80) _ 
_ 0-7826(635- 85) _ 

"-"^a^Tss "^^ " 

_ 1051(6 32 - SO) _ 
'*- 62r7"^50~ -^"^ " 

_ 0-736(632 - 50) _ 
^- 621-7-60 -°^*-' " 

From this final calculation we obtain the figures : — 



Vessel - 
Self-evaporation • 


I. 

. 


II. 

«a = 0-7326 


III. 
s, = 1-051 
(Ta = 0-736 


IV. 
»4 = 2-133 litres. 
(T, = 1-07 
A4 = 0-749 




m.A^i 1 .fTurr 



Total, 3-952 



Self-evaporation and its consequences thus produce an evaporation of 0*7325 + 
1-787 -h 3*952 = 6*4715 litres of water; there remain still to evaporate 90- 
6-4715 = 83-5285 kilos., which weight is divided almost, hut not quite, equally 
between the four vess'els, in such a manner that the steam from one vessel 
always evaporates rather more than its own weight from the next vessel. 



..( 



C2-^ C,-^ C^^U' 



6 37 - 95 637 - 95 6355 - 85 

"^ 635-5 - 95 "^635-5 -95 * 632-85 

637 - 95 636-5 - 85 



2^ 60 \ 
•7 -'50/ 



635-6 - 95 632 - 85 621 -' 
= di(l + 1-004 + 1*004 X 1*006 + 1*004 x 1*006 x 1*02). 
= di 4-044. 

Therefore d^ = ^^^^^ = 20-656 litres of water. 
4-044 

dj = 20-665 X 1*004 = 20*731 litres of water. 

d, = 20-731 X 1*006 = 20*860 

d^ = 20*850 X 1020 = 21-26 

Thus each vessel, including the self>evaporation, evaporates the following 
quantities of water: — 

Vessel ... I. II, ni. IV. 

Regular evaporation - 20*656 20*731 20*860 21*26 litres. 
Self-evaporation - 0*7325 1*787 3*962 „ 



Total - - 20-666 + 21 -4635 -h 22-637 -h 26*212 = 89*9676 litres of water. 
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Table 17. 



The Weights of Steam evolved in each separate vessel of a double, 
triple and quadruple effect evaporator per 100 litres of liquor: 
dj, dj, etc. ; «i, S2» e*<5. ; 0^2, ctj, k^ ; by transference of heat and 
by self-evaporation, when the liquor is evaporated to 01 and 0*25 
of its original weight. Regular evaporation (without extra steam) 
in apparatus with dififerent falls of temperature. 





Double 


effect. 


Evaporation to 0-1 W. 


Evaporation to 0-25 W. 1 


^ 


^ 


k 


Ca 


A 


«2 


d. 


A 


A 


&i 


d, 


A 


100 


687 


60 


621-7 


41-6 


4-98 


43-42 


48-40 


33-97 


6-7 


36-38 


41-08 


100 


637 


60 


624-8 


42-15 


4-05 


43-8 


47-85 


34-52 


4-58 


36-9 


40-48 


100 


687 


70 


627-8 


42-64 


8-03 


44-33 


47-36 


36-08 


3-44 


36-48 


39-92 


d5 


685-6 


60 


621-7 


41-9 


4-5 


43-6 


48-1 


34-20 


5-23 


86-57 


40-60 


95 


685-6 


60 


624-8 


42-4 


3-49 


44-11 


47-6 


84-82 


3-99 


36-18 


40-17 


95 


685-5 


70 


627-8 


42-9 


2-52 


44-58 


47-1 


36-3 


2-86 


86-7 


39-56 


90 


634 


60 


621-7 


42-3 


3-71 


43-99 


47-70 


34-7 


4-28 


36 


40-23 


90 


634 


60 


624-8 


42-29 


2-49 


45-22 


47-71 


3517 


3-24 


36-69 


39-83 


90 


634 


70 


627-8 


48 


1-99 


45-01 


47 


3613 


2-28 


37-59 


89-87 


85 


632 


50 


621-7 


42-3 


3-7 


44 


47-70 


34-95 


3-7 


36-35 


4r-06 


85 


682 


60 


624-8 


42-29 


2-49 


45-22 


47-71 


85-3 


2-82 


36-7 


39-52 


86 


632 


70 


627-8 


43-4 


1-46 


4614 


46-60 


36-96 


1-65 


37-4 


3906 


80 


631 


50 


621-7 


42-15 


2-96 


44-89 


47-85 


361 


8-36 


36-64 


39-90 


80 


631 


60 


624-8 


48 


2-00 


46 


47 


35-69 


2-18 


37-13 


89-31 


80 


631 


70 


627-8 


43-6 


1-00 


46-4 


46-4 


.86-22 


1-11 


37-67 


38-78 


136 


647-7 


100 


637 


42-3 


3-67 


44-03 


47-7 


34-72 


4-16 


86-12 


40-28 


122-5 


643-8 


100 


687 


42-9 


2-34 


44-76 


47-1 


85-46 


2-65 


36-89 


89-64 


108 


639-6 


70 


627-8 


42-3 


3-84 


43-86 


47-7 


34-65 


4-31 


36-04 


40-34 


102-5 


637-3 


60 


624-8 


42 


4-25 


43-76 


48 


34-40 


4-81 


36-79 


40-60 


97-5 


636-5 


50 


621-7 


41-8 


4-72 


43-48 


48-2 


3410 


5-33 


36-57 


40-90 


116 


641-6 


60 


621-7 


40-8 


6-77 


42-48 


49-2 


32-66 


7-49 


83-95 


41-44 


116 


641-6 


60 


624-8 


41-4 


5-60 


4300 


48-6 


33-64 


6-37 


34-99 


41-36 


116 


641-6 


70 


627-8 


41-9 


4-59 


43-51 


48-1 


34-2 


6-23 


85-57 


40-80 


Average 


42-80 


8-486 


44-2 


47-67 


34-38 


3-945 


85-92 


40-16 




A : A = 


1 : 1-127 


D, : Z>a = 


1 : 1-17 






Minimum 


1:1-206 




1 : 1-272 






Msucimum 


1:1-07 




1 : 107 






A : ^2 = 


1 : 1-046 


A:^ = 


1:1-041 






Minimum 


1:107 




1 : 1-042 






Maximum 


1:104 




1:1-04 
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Table 17 — (continued). 



THple. effect. 


Evaporation to 0-1 W, 


ti 


Ci 


^ 


^2 


t. 


C3 


A 


Sa 


d. 


D, 


«3 


140 


649 


130 


646 


100 


637 


27-8 


1-39 


28 


29-39 


2-34 


180 


646 


115 


641-6 


100 


637 


27-7 


204 


28 


30-04 


117 


180 


646 


115 


641-6 


50 


621-7 


26-56 


2-07 


26-82 


28-89 


4-78 


180 


646 


115 


641-6 


60 


624-8 


26-8 


207 


27 


29 07 


410 


130 


646 


115 


641-6 


70 


627-8 


26-8 


2-07 


27-1 


29-17 


3-39 


126 


644 


105 


638-5 


60 


624-8 


26-56 


2-60 


26-82 


29-42 


3-4 


125 


644 


105 


638-5 


70 


627-8 


26-66 


2-60 


26-82 


29-42 


2-8 


120 


648 


110 


640 


100 


637 


28-37 


1-32 


28-65 


29-97 


0-78 


120 


643 


95 


635-5 


50 


621-7 


2617 


3-38 


26-48 


29-81 


8-3 


120 


643 


95 


636-5 


60 


624-8 


26-4 


3-38 


26-6 


29-98 


2-6 


120 


643 


95 


635-5 


70 


627-8 


26-64 


8-38 


26-96 


30-34 


1-86 


115 


641-6 


95 


635-5 


70 


627-8 


27-16 


2-6 


27-43 


30-03 


1-86 


116 


641-6 


90 


634 


60 


624-8 


26-8 


3-1 


27-06 


80-16 


1-94 


115 


641-6 


85 


632 


50 


621-7 


25-96 


408 


26-22 


80-26 


2-60 


105 


638-5 


95 


635-5 


50 


621-7 


27-54 


1-38 


27-81 


2913 


8-8 


105 


688-5 


95 


635-5 


60 


624-8 


27-72 


1-33 


2S04 


29-37 


2-6 


105 


638-5 


95 


635-5 


70 


627-8 


28 


1-33 


28-2 


29-58 


1-86 


100 


687 


90 


634 


50 


621-7 


27-78 


1-31 


28-05 


29-36 


2-6 


100 


687 


90 


634 


60 


624-8 


28-03 


1-31 


28-31 


29-62 


1-94 


100 


687 


90 


634 


70 


627-8 


28-30 


1-31 


28-48 


29-79 


1-80 


100 


637 


80 


631 


50 


621-7 


27 03 


2-62 


27-30 


29-92 


2-20 


100 


687 


80 


631 


60 


624-8 


27-28 


2-62 


27-55 


3017 


1-45 


100 


637 


80 


631 


70 


627-8 


27-54 


2-62 


27*81 


30-48 


0-75 


97 


686 


84 


632 


70 


627-8 


27-94 


1-70 


28-17 


29-87 


1-00 


95 


685-5 


80 


631 


60 


621-7 


27-43 


1-9 


27-70 


29-60 


2-2 


95 


685-6 


80 


631 


60 


624-8 


27-74 


1-9 


27-94 


29-84 


1-45 


98 


635 


76 


630 


60 


624-8 


27-61 


2-26 


27-88 


30-13 


1-18 


90 


684 


80 


681 


50 


621-7 


27-91 


1-30 


28-18 


29-48 


2-2 


90 


684 


70 


627-8 


50 


621-7 


27-31 


2-68 


27-58 


30-16 


1-45 


95 


685-5 


85 


682 


50 


621-7 


27-78 


1-31 


2805 


29-36 


2-60 


95 


685-5 


85 


682 


60 


624-8 
Lverage 


28-02 


1-31 


28-30 


29-61 


1-85 


27-33 


2-147 


27-59 


29-72 


2-22 
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Table 17-— {continued). 



D,:D^ 


:D,= 








A: 


A:A = 

1 




1: 


1-088: 1-2048 










•1-106: 1-26 






Evaporation to 0-25 W. 






Z),:d,- 


ds = 








A: 


1 






1 : 1-01 : 1-041 








I 


1-01 : 1-039 


<rz 


29 


^3 


A 


«2 


d. 


A 

24-33 


8 


<^3 


d, A 


1-44 


32*78 


22-62 


1-49 


22-84 


1-51 


23-54 2805 


212 


291 


32-39 


22-62 


42-20 


22-84 


2504 


1-5 


2-24 


23-54 


27-28 


215 


27-62 


34-55 


21-10 


2-23 


21-31 


23-54 


615 


2-27 


21-95 


30-35 


215 


27-95 


34-20 


21-395 


2-23 


21-6 


22-88 


5-25 


2-27 


22-26 


29-78 


515 


28-49 


34-03 


21-74 


2-28 


21-95 


24-18 


4-18 


2-27 


22-63 


29-08 


2-7 


27-62 


33-72 


21-31 


2-9 


21-52 


24-42 


4-18 


2-96 


22-18 


29-34 


2-7 


27-62 


33-12 


21-57 


2-9 


21-78 


24-68 


3-35 


2-96 


22-44 


28-75 


1-37 


29-77 


31-92 


23-34 


1-4 


23-57 


24-97 


10 


1-42 


24-27 


26-69 


3-61 


27-22 


34-03 


20-88 


3-6 


21-03 


24-63 


4-2 


8-67 


21-67 


29-54 


5-51" 


27-5 33-61 


21-10 


8-6 


21-31 


24-91 


3-36 


3-67 


21-96 


28-99 


^8-51 


27-71 


33 08 


21-41 


3-6 


21-62 


25-22 


2-42 


3-67 


22-28 


28-37 


2-7 


28-25 


32-81 


21-91 


2-85 


2212 


24-97 


2-42 


2-9 


22-80 


28-12 


5-2 


27-64 


32-78 


21-31 


3-53 


21-52 


2505 


2-9 


3-6 


22-18 


27-68 


4-19 


27 


33-79 


20-63 


4-31 


20-83 


25-14 


3-37 


4-39 


21-47 


29-23 


1-38 


28-65 


33-33 


22-27 


1-42 


22-49 


23-91 


4-2 


1^44 


28-17 


28-81 


1-38 


28-88 


32-86 


22-53 


1-42 


22-75 


2417 


3-36 


1-44 


23-56 


28-30 


1-38 


29-2 


32-44 


22-86 


1-42 


22-08 


24-50 


2-42 


1-44 


23-78 


27-64 


1-36 


28-90 


32-86 


22-41 


1-41 


22-63 


24 04 


3-78 


1-44 


23-34 


28-55 


1-36 


29-25 


32-45 


22-70 


1-41 


22-92 


24-83 


2-9 


1-44 


23-64 


27-97 


1-36 


29-35 


30-01 


23 04 


1-41 


23-27 


24-68 


1-89 


1-44 


23-96 


27-98 


2-72 


28-12 


33-04 


21-77 


2-83 


21-28 


24-81 


2-89 


2-88 


22-65 


28-42 


J2-72 


28-38 32-55 


2209 


2-83 


22-31 


2514 


1-89 


2-88 


23-00 


27-77 


2-72 


28-65 


32-12 


22-40 


2-83 


22-62 


25-45 


0-97 


2-88 


28-30 


27-15 


21 


29 


32-13 


22-94 


1-81 


23-16 


24-97 


1-85 


1-84 


23-90 


27-09 


ii-25 


28-52 


32-97 


22-31 


20 


22-58 


24-53 


2-89 


204 


23-23 


28-16 


2-25 


28-79 


82-49 


22-64 


20 


22-86 


24-86 


1-89 


2-04 


28-57 


27-5 


2-34 


28-79 


32-26 


22-52 


2-86 


22-74 


2510 


1-58 


2-4 


23-45 


27-86 


1-36 


29-06 


32-61 


22-73 


1-37 


22-95 


24-82 


2-89 


1-39 


23-67 


27-95 


2-68 


28-41 


32-54 


2213 


2-77 


22-35 


2512 


1-90 


2-82 


2303 


27-75 


1-36 


28-90 


82-86 


22-58 


1-39 


22-81 


24-20 


3-31 


1-41 


23-49 


28-21 


1-36 


2916 


32-37 


22-89 


1-39 


2311 


24-50 


2-40 


1-41 


23-80 


27-61 


2-244 


1 28-46 


32-925 


22-12 


2-295 


22-335 


24-47 


2-89 


2-335 


22-99 


27-89 
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Table 17 — (continued). 



Quadruple effect. 


Evaporation to 1-0 W, 


ti 


c, 


t^ 


C2 


tz 
125 


Oz 
644-6 


u 


<^4 


A 


H 


21-0 


A 


h 


^3 


^ 


22-9 


«4 


140 


649-7 


136 


647-6 


100 


687 


20-9 


0-732 


21-73 


1051 


0-735 


21-15 


1-63 


134 


647-3 


128 


644 


112 


640-5 


100 


637 


20-15 


1-66 


20-25 


21-91 


1-17 


1-67 


20-35 


23-19 


0-783 


130 


646-6 


115 


641 -e 


100 


687 


50 


621-7 


19 


2-20 


19 


21-2 


1-597 


2-92 


191 


22-91 


3-06 


130 


646-6 


115 


641-6 


100 


637 


60 


624-8 


19-25 


2-20 


19-44 


21-64 


1-597 


2-92 


19-6 


23-41 


2-49 


180 


646-6 


116 


641-6 


100 


637 


70 


627-8 


19-46 


2-20 


19-51 


21-71 


1-597 


2-92 


19-7 


23-51 


1-89 


136 


647-6 


125 


644-6 


115 


641-6 


50 


621-7 


19-6 


1-47 


19-6 


2007 


1-051 


1-478 


19-7 


22-22 


4-0 


136 


647-6 


125 


644-6 


116 


641-6 


60 


624-^ 


19-8 


1-47 


19-8 


21-27 


1-051 


1-478 


19-9 


22-42 


3-41 


135 


647-6 


125 


644-6 


116 


641-6 


70 


627-8 


20 


1-47 


20 


21-47 


1-051 


1-478 


20-1 


22-62 


2-64 


126-6 


646-0 


108 


639-7 


89-5 


633-8 


70 


627-8 


19-02 


2-78 


19-2 


21-98 


1-95 


2-79 


19-8 


24-04 


1-225 


124 


644 


108 


638 


82 


631-2 


60 


624-8 


18-45 


3-14 


18-63 


21-77 


2-19 


3-17 


18-a 


24-16 


1-365 


121-5 


644-6 


98 


636-7 


74-6 


629-6 


50 


621-7 


18-09 


3-50 


18-2 


21-7 


2-40 


3-53 


18-38 


24-31 


1-51 


115 


641-6 


100 


637 


80 


631 


60 


621-7 


19-07 


2-206 


19-16 


21-35 


2105 


2-28 


19-34 


23-67 


1-83 


115 


641-6 


100 


637 


80 


631 


70 


627-8 


19-42 


2-206 


19-5 


21-7 


2105 


2-23 


19-6 


28-98 


0-629 


105 


638-5 


100 


637 


90 


634 


60 


621-7 


20-64 


0-732 


20-74 


21-47 


1-051 


0-735 


20-94 


22-72 


2-49 


105 


638-5 


100 


637 


90 


634 


60 


624-8 


20-8 


0-732 


20-8 


21-63 


1-051 


0-735 


21 


23-72 


1-83 


105 


638-6 


100 


637 


90 


634 


70 


627-8 


20-95 


0-732 


20-95 


21-68 


1-051 


0-736 


21-15 


22-98 


1-24 


106 


638-6 


90 


634 


80 


631 


60 


621-7 


19-67 


2-206 


19-67 


21-87 


1-051 


2-22 


19-77 


23-04 


1-83 


105 


638-6 


90 


634 


80 


631 


60 


624-8 


19-85 


2-206 


19-94 


22-14 


1-051 


2-22 


20-05 


23-82 


1-24 


105 


638-5 


90 


634 


80 


631 


70 


627-8 


20 


2-206 


20-1 


22-3 


1-061 


2-22 


20-2 


23-47 


1-629 


105 


638-5 


95 


635-5 


86 


632 


70 


627-R 


20-48 


1-47 


20-58 


22-06 


1-051 


1-47 


20-68 


22-16 


0-943 


100 


637 


96 


636-5 


85 


632 


50 


621-7 


20-65 


0-782 


20-73 


21-46 


1-051 


0-786 


20-85 


22-64 


2-133 


100 


637 


95 


635-6 


90 


634 


60 


624-8 


21-06 


0-732 


21-06 


21-79 


0-525 


0-736 


21-17 


22-43 


1-83 


100 


637 


95 


635-5 


85 


632 


70 


627-8 


2106 


0-732 


21-08 


21-76 


1-051 


0-736 


21-13 


22-91 


0-941 


100 


637 


90 


684 


80 


631 


50 


621-7 


20-2 


1-47 


20-30 


21-77 


1-051 


1-47 


20-40 


22-92 


1-83 


100 


637 


90 


634 


80 


631 


70 


627-8 


20-65 


1-47 


20-65 


22-12 


1-061 


1-47 


20-75 


23-27 


0-629 


100 


637 


95 


685-6 


80 


631 


60 


624-8 


20-68 


0-732 


20-78 


21-51 


1-597 


0-736 


20-88 


28-21 


1-24 


97-6 


636-3 


85 


632 


72-5 


629-5 


60 


624-8 


20-12 


1-83 


20-22 


22-05 


1-300 


1-84 


20-36 


23-46 


0-776 


95 


635-5 


85 


632 


75 


aso 


60 


621-7 


20-25 


1-47 


20-85 


21-82 


1-051 


1-47 


20-45 


22-97 


1-58 


95 


636-5 


85 


632 


75 


630 


60 


624-8 


20-48 


1-47 


20-58 


22-05 


1-061 


1-47 


20-68 


23-20 


0-493 


95 


635-6 


90 


634 


85 


631 


50 


621-7 


20-93 


0-782 


20-93 


21-66 


0-625 


0-736 


20-08 


22-29 


0-14 


95 


635-5 


80 


635-6 


65 


626-3 


50 


621-7 


19-35 


2-206 


19-44 


21-64 


1-595 


2-22 


19-52 


23-33 


0-943 










Av< 


jrage 


20-0 


1-326 


20-07 


21-74 


1-29 


1-67 


20-19 


23-14 


1-607 
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Table 17 — (continued). 



D,:D^:D^:D^ = 


D^:D^:D^:D^ = 


1:1-087: 1-167: 1-258 


1:1-16: 1-215: 1-375 




Evaporation to 0*26 W. 


D,:d^:d,:d,= 


Di:d^:d,:d^== 


1:1-0033: 1-0095: 1-024 


1:1-008:1-016:1-017 


^i 


A* 


d, D, 


16-77 


«2 


^2 


17-74 


»3 


<rs 


d. 


A 


«4 


^4 


^4 


d. 


D, 


1-05 


0-738 


21-2 


24-61 


0-89 


16-86 


1-28 


0-89 


16-93 


19-1 


2-22 


1-28 


0-89 


17-01 


21-4 


1-17 


1-68 


20-45 


2408 


16-31 


1-76 


16-39 


18-15 


1-36 


1-77 


16-47 


19-69 


1-09 


1-35 


1-78 


1616 


20-37 


1-64 


2-28 


19-5 


27-48 


14-77 


2-40 


14-91 


17-31 


1-79 


2-42 


14-99 


19-2 


4-36 


1-84 


2-49 


16-53 


24-22 


1-62 .2-26 


19-9 


26-27 


1502 


2-40 


15-17 


17-57 


1-79 


2-42 


16-25 


19-46 


3-43 


1-82 


2-46 


15-69 


23-40 


1-61 


2-24 


19-9 26-64 


16-28 


2-40 


16-48 


17-83 


1-79 


2-42 


15-66 


19-86 


2-67 


1-80 


2-44 


15-80 


22-61 


1-08 


1-62 


20-2 26-82 


15-50 


1-62 


15-67 


17-19 


1-23 


1-63 


15-66 


18-61 


6-58 


1-26 


1-68 


16-10 


24-62 


1-07 


1-52 


20-5 


26-50 


16-50 


1-62 


16-67 


17-19 


1-23 


1-63 


16-66 


18-51 


4-78 


1-26 


1-68 


16-10 


23-82 


1-07 


1-60 


20-5 


25-91 


15-77 


1-62 


16-86 


17-47 


1-23 


1-63 


15-92 


18-78 


3-90 


1-26 


1-66 


16-22 


28-08 


1-96 


2-81 


19-6 


25-49 


14-87 


2-95 


15-01 


17-96 


219 


2-98 


15-08 


20-25 


1-72 


2-21 


3-01 


15-23 


22-17 


2-21 


3-20 . 18-98 


26-74 


14-44 


3-86 


14-68 


17-96 


2-37 


3-38 


14-72 


20-47 


1-88 


2-39 


3-41 


14-86 


22-64 


2-24 


3-56 18-55 


25-86 


13-95 


3-76 


14-08 


17-83 


2-66 


3-78 


14-22 


20-66 


2-10 


2-68 


3-81 


14-36 


22-95 


2-13 


2-26 


19-65| 25-77 


15 


2-40 


16-02 


17-42 


2-36 


2-42 


15-17 


19-94 


2-57 


2-88 


2-45 


16-36 


22-75 


2-12 


2-25 


19-8 1 24-79 


15-4 


2-40 


15-49 


17-89 


2-35 


2-42 


15-64 


20-64 


0-88 


2-87 


2-43 


15-82 


21-50 


1-07 0-746 


21-15 25-45 


16-64 


0-757 


16-62 


17-37 


1-23 


0-76 


16-78 


18-77 


3-40 


1-25 


0-77 


17-1 


22-52 


1-065 0-742. 21-3 ,24-93 


16-62 


0-767 


16-52 


17-27 


1-23 


0-76 


16-68 


18-67 


2-60 


1-24 


0-76 


16-87 


21-47 


106 0-74 1 21 •861 24-40 


17 


0-757 


17 


17-76 


1-23 


0-76 


17-08 


19-07 


1-76 


1-24 


0-76 


17-15 


20-91 


106 


2-25 20-07 25-21 


15-41 2-30 


15-42 


17-72 


1-20 


2-31 


17-50 


19-01 


2-57 


1-21 


2-34 


16-76 


21-85 


1-06 


2-24 20-25124-79 


16-86 


2-30 


16-94 


18-24 


1-20 


2-31 


1602 


19-53 


1-73 


1-21 


2-33 


16-18 


21-45 


1-06 


2-24 20-40 24-38 


16-07 


2-30 


16-16 


18-45 


1-20 


2-31 


16-23 


19-74 


0-88 


1-21 


2-33 


16-39 


20-81 


1-06 


1-48 , 20-88 24-38 


16-46 


1-56 


16-43 


17-99 


1-17 


1-56 


16-61 


19-24 


1-68 


1-18 


1-68 


16-77 


21-21 


1-07 


0-749 


21-27 25-21 


16-66 


0-78 


16-66 


17-44 


1-17 


0-78 


16-74 


18-69 


300 


1-19 


0-79 


17-06 


22-04 


0-532 


0-760 


21-47 


24-68 


17 04 


0-78 


17-04 


17-82 


0-60 


0-78 


17-12 


18-50 


2-60 


0-61 


0-79 


17-36 


21-36 


1-06 


0-746 


21-34 


24-08 


17-1 


0-78 


17-1 


17-88 


1-20 


0-78 


17-19 


19-17 


1-32 


1-21 


0-78 


17-26 


20-67 


1-066 


1-49 


20-70 


25-08 


16-25 


1-63 


J 6-33 


17-86 


1-20 


1-54 


16-41 


19-15 


2-67 


1-21 


1-66 


16-67 


21-91 


1-06 ,1-48 


20-95, 24 11 


16-64 


1-63 


16-60 


18-31 


1-20 


1-54 


16-68 


19-42 


0-90 


1-21 


1-66 


16-84 


20-61 


1-610 


0-742 


21-08-24-67 


16-70 


0-75 


16-70 


17-46 


1-80 


0-75 


16-78 


19-33 


1-83 


1-81 


0-75 


16-94 


21-33 


1-31 


1-85 20-52 24-45 


15-91 


2-38 


15-99 


18-32 


1-38 


2-34 


1607 


19-79 


1-08 


1-39 


2-36 


16-23 


21-06 


1-068 


1-49 ,20-75 24-88 


16-29 


1-56 


16-37 


17-92 


1-17 


1-56 


16-46 


19-18 


2-14 


1-18 


1-58 


16-69 


21-64 


1-06 


1-48 


20-88 24-38 


16-54 


1-55 


16-62 


18-17 


1-17 


1-66; 16-70 


19-43 


1-30 


1-18 


1-57 


16-86 


20-91 


0-536 


0-749 


21-45 


24-87 


16-90 


0-76 


16-9 


17-66 


0-60 


0-76 


16-98 


18-33 


3-00 


0-61 


0-76 


17-20 


21-57 


1-61 


2-24 


20-71 


25-50 


16-71 


2-29 


16-78 


18-07 


1-74 


2-30 


16-85 


19-89 


1-28 


1-75 


2-32 


16-00 


21-35 


1-303 


1-64 


20-481 25-07 


15-94 


1-77 


16-06 


I7-79I 1-46! 1-76 


16-19 


19-34 


2-35 


1-48 


1-79 


16-204 


21-909 
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Results op Table 17. 





W=1Q0 litres of liquor are to be evaporated down 




to 0-1 W, 1 to 0-25 W. 




There must thus be evaporated from it 




90 litres of water. | 75 litres of water. 


In vessel 


I. 


II. III. 

1 


IV. 


I. n. 


III. 


IV. 


'2 ii» r Double effect - 

;r; .1-3 J Triple „ - 

•,5 g^ I Quadruple „ - 


45 
30 
22-5 


45 - 
30 30 
22-5 22-5 


22-5 


1 

37-5 87-6 
26 25 
18-75 18-75 


26 

18*75 


18-76 


According to Table 17 each vessel actually evolves 


/ Total . 
J ^ Thus in the ratio 
p J •( Through heating 
Q o alone 

VThus in the ratio 


43-33147-67 j — 
1 : 1-1271 — 

42-33 1 44-2 — 
1 : 1-045, — 


— 


34-38 4015 , — i — 
1 : 1-167 — — 

34-38136-22 — — 
1 : 1-046 — — 

1 


r Total - 
« ^ Thus in the ratio 
.g*©^ Through heating 
H^S alone 

I Thus in the ratio 


27-33 29-72 32-925 
1 : 1088: 1-2048 

27-33 1 27-59 : 30-90 
1 : 1006:1-1306 


— 


22-12 24-47 27'89 ' — 
1 : 1-106:1-26 ' — 

22-12 122-3351 25-335 — 
1 : 1-009: 1146 — 


i2 ' Total - 
g*^- Thus in the ratio 
^ S - Through heating 
g*§ alone 
0^ vThus in the ratio 


20 21-74 2314 26*17 
1 : 1-087: 1-167: 1-258 

20 12007 21-86 123-42 
1 : 1-0033: 1-093: 1-171 


15-94 17*79 1 19-34 121-929 
1 : 1-16 : 1-215: 1-375 

15*94116*06 i 17-94 1 1947 
1 : 1008: 1125: 1-2-23 


In the mean the total evolution of steam is in the 


Double effect - T^j : D.^ = 1 : 1-147 


= 0-4658 : 0-5442. 


Triple effect - l?i : D^ : Dj = 1 : 1-097 : 1233 


= 0-3003 : 0-3294 : 0-3703. 


Quadruple effect - D^: D^: D;,: D^ = I: 1-123 : 1-187 : 1-316 


= 0-2161 : 0-2427 : 02535 : 0-2844. 


In the mean the evaporative capacity (without self-evaporation) is in the 
Double effect - D^ : (L = 1 : 1'045. 


Triple effect - D^id^: (d^^ + (Ta) = 1 : 1-0075 : 1*138. 


Quadruple effect D^.d^: {d,, + (r^) : {d^ + a^ + \,) = 1 : 1-0056 : 1-109 : 1-196. 



THE WATER EVAPORATED IN EACH VESSEL. €7 

Table 17 has been calculated in the manner indicated in this 
example (p. 80). It is now possible to make a satisfactory inspection 
of the evaporative action of double, triple and quadruple effect evapo- 
rators, and to see without trouble how much water each vessel really 
vaporises, how much heating steam is used by each vessel, and in par- 
ticular how much heating steam must be supplied to the first element, in 
order to bring 100 litres of liquor from the initial to any desired con- 
centration. Jt is assumed that the liquid enters at the temperature t^^. 

If an average be taken of the figures in Table 17 for the whole 
quantity of water, D, evaporated in each vessel, and the quantity of 
steam, d, evolved by heating in each vessel (these averages are given at 
the bottom of the table), an extraordinary regularity in the evaporative 
capacity is seen, the extreme cases hardly varying by 5 per cent, from 
the average. The figures (also given in the Table) for the mean ratios 
of the total quantities, D, evaporated in the separate vessels, to 
the portions, d, evaporated by heating alone in the same vessels also 
vary very little from one another in the extreme cases, so that these 
figures may well be taken as a basis for the general case in practice. 

These proportions of the amounts of steam in each vessel, d^y d.^, 
^3, d^, will form the basis for the estimation of the necessary heating 
surfaces of the evaporator, to be given later. 

Five important conclusions may be drawn from Table 17 to 
assist in the division of the heating surfaces in the most efficient 
manner : — 

1. The smallest amount of heating steam required to produce a 
certain amount of evaporation is v^ed in all multiple evaporators^ 
wJien the fall in temperature is the same in each vessel, 

2. However the fall in temperature in the separate vessels be 
arranged, the weight of heating steam to be supplied to the first vessel 
always varies within very narrow limits. Thus the manner in which 
the available fall in temperature is distributed amongst the separate 
vessels has no great influence on the economy of steam. No considerable 
saving in steam can be obtained by any definite division of this fall in 
temperature, 

3. The quantity of water to be evaporated in the first vessel w, on 
an average, of the total evaporation of the multiple evaporator : — 

In the double effect - ^rjjy = ^'^^^ Dj = ( T^ - ' U) 0-466. 



Dotible effect. 


Triple effect. 


I. II. 


I. II. III. 


d,: d. 


di- d^ : ds 


1 : 1045 


1 : 101 : 104 
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In the triple effect - ^^ = 0-300 D^ = (TT - U)OSOO. 
In the quadruple effect ^-^ = 0-216 D^ = (TF - 0)0-216. 

The extreme cases are : — 

For the douhU effect - D^ = (TT - C7) 0-434 to 0-484. 
For the triple effect - D^ = (W - U) 0-2777 to 0-3162. 

For the quadruple effect - D^ = (IF - C7) 01926 to 0-2335. 

4. The evaporation effected by heating is in all cases the least in 
the first vessel, but the increase in the following vessels is not very 
great — at most 4 per cent. In the mean it may be assumed that this 
evaporation in the separate vessels is in the 

Quadruple effect, 
I. II. III. IV. 
d-^x d^ '. d^ : d^ 
as 1 : 1046 1 : 101 : 104 1 : 1006 : 1012 : 102 

5. The total quantity evaporated in the last vessel is : — 

In the double effect - - 0-534 
In the triple effect - - 0*3703 

In the quadruple effect - - 0-284 

of the total evaporation of the appa/ratv^ (W - U). 



B. The Percentage of Solids in the Liquid in Each Vessel 
of the Multiple Evaporator. 

In the preceding section of the chapter it has heen found tha^t, 
in performing a certain amount of evaporation, each separate vessel 
must evaporate its proper fraction, almost independently of the fall 
in temperature. In the next place, it is desirable to find the evapora- 
tive efficiency of each vessel and the percentage of solid matter in 
each, for liquors varying in strength both before and after evaporation ; 
the results can only be approximate — never quite exact. The total 
evaporative capacity and the concentration in percentages are given in 
Table 18, which thus contains an answer to the questions : — 



STBENGTH OF THE LIQUORS. W 

If a liquor of known strength (4-17 per cent) is to be concentrated 
to another known strength (40-70 per cent.), how much water must 
with this intent be evaporated in each vessel and what is the concen- 
tration of the liquor in each vessel ? 

The following example illustrates the method of calculation of 
Table 18:— 

Example. — 100 kilos, of a liquor, containing 10 per cent, of solid matter, are 
to be evaporated to a strength of 50 per cent, in a triple effect evaporator. How 
much water is evaporated in each vessel and what is the concentration in each 
vessel? 

In order to evaporate 100 kilos, of liquor from 10 per cent, to 50 per cent, 
.strength, 100 - (10 + 10) = 80 kilos, of water must be evaporated. 

Of this, according to Table 17, 

Vessel I. evaporates 80 x 0*3008 = 24-02 kilos. 
„ II. „ 2402 X 1097 = 26-86 „ 

„ in. „ 2402 X 1-238 = 29*62 „ 



79*99 „ 
Thus the first vessel contains 

10 kilos, of solids in 100 - 24*02 = 76*98 kilos, of solution, 
».«., in the solution there is -. ^q = 18-16 per cent, of solids. 

The second vessel contains 

10 kilos, of solids in 75*98 - 26-35 = 49*68 kilos, of solution, 
i.e., in the solution there is .^^^q — 20*16 per cent, of solids. 
'The third vessel contains 

10 kilos, of solids in 49*63 - 29*62 = 20*01 kilos, of solution, 
i.e., in the solution there is — ^^ — = 50 per cent, of solids. 
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Table 18. 



The amount of evaporation, and the percentage of solids in the liquor, 
in each vessel of the double, triple and quadruple effect apparatus- 
with regular evaporation {i.e., no extra steam is withdrawn) for 
the concentration of 100 kilos, oi liquor to 0*08 - 0*34 of its weight. 

The 7cpper lines of each pair in ordinary type, give the weights, 
of water to be evaporated in each vessel. 

The loioer figures y in heavy type, give the corresponding per- 
centages of dry material in the liquor in each vessel. 



t. 


Double 


effect. 


Triple effect. 


Quadruple effect 




§1 




















u 3 


A 


D, 


A 


D, 


A 


A 


D, 


A, 


A 


S5 I 


I. 


• II. 


I. 
27-34 


II. 


^m. 


I. 


II. 


III. 


IV. 




42-2 


47-8 


29-74 


82-92 


20 


21-7 


231 


25-2 


4 


6*92 


40 


6-6 


932 


40 


6 


6-86 


11-4 


40 




40-96 


46-56 


26-69 


29-11 


32-26 


19-4 


21-07 


22-5 


24-68 


5 


8-46 


40 


6-82 


11-35 


40 


6-2 


8-4 


13-5 


40 




89-6 


45-4 


26-63 


28-04 


31-83 


18-78 


20-35 


21-85 


2406 


6 


993 


40 


807 


1303 


40 


738 


9-86 


16-3 


40 




38-35 


44-16 


24-83 


27-25 


30-52 


18-24 


19-71 


21 11 


23-44 


7 


11-35 


40 


9-31 


14-31 


40 


8-56 


11-28 


16-12 


40 




37 


43 


23-90 


26-38 


29-72 


■ 17-65 


19 


20-6 


23 


8 


127 


40 


1061 


1609 


40 


9-7 


12-6 


18-6 


40 




35-87 


41-88 


23-15 


25-60 


29 


17 


18-43 


19-92 


22-41 


9 


14-3 


40 


1171 


17-55 


40 


10-84 


13-94 


20-15 


40 




34-38 


38-62 


22-15 


24-7 


28-15 


10-33 


17-66 


19-22 


21-8 


10 


15-4 


40 


12-84 


18-76 


40 


11-95 


16-1 


214 


40 




32-82 


39-43 


21-23 


23-77 


27-26 


15-67 


16-86 


18-56 


21-16 


11 


16-2 


40 


13-96 


20 


40 


1304 


16-3 


22 49 


40 




42-86 


48-26 


27-72 


3010 


33-3 


20-28 


22 


23-38 


25-45 


4 


70 


45 


653 


9-48 


45 


502 


6-9 


11-68 


45 




41-64 


47-25 


26-96 


29-37 


32-57 


19-72 


21-42 


22-84 


24-91 


5 


8-88 


45 


6-85 


1145 


45 


6-23 


8*45 


■ 13-9 


45 




40-52 


4614 


26-21 


28-61 


31-85 


19-17 


20-84 


22-27 


24-42 


6 


1009 


45 


813 


13-28 


45 


7-42 


10 


16 85 


45 




39-32 


4513 


25-45 


27-87 


3113 


18-61 


20-21 


21-71 


28-89 


7 


11-5 


45 


935 


160 


45 


8-6 


11-28 


1 17-7 


45 




38-21 


44-02 


26-02 


27-46 


30-75 


18-15 


19-66 


21-06 


, 28-38 


8 


12-94 


45 


10-67 


16-90 


45 


9-77 


12-85 


i 19 45 


45 




37 


43 


23 -90 


26-38 


29-72 


17-6 


191 


; 20-50 


1 22-9 


9 


14-29 


45 


11-83 


181 


45 


10-91 


1414 


20 9 


45 
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al strength 
le liquor, 
cent. 


Double effect. 


Triple effect. 


Quadruple effect. 


A 


A 


A 


D, 


A, 


A 


D, 


A 


^4 


Initi 
of th 
Per. 


I. 


II. 


I. 


II. 
25-69 


III. 


I. 


IL 


III. 


IV. 




36 


42 


23-2 


29-06 


17-1 


18-7 


20-3 


22-7 


10 


1562 


45 


13 02 


19-58 


45 


1206 


15-57 


22-8 


45 




36 


41 


22-41 


24-86 


28-67 


16-5 


17-8 


19-4 


21-8 


U 


16-85 


45 


143 


20-86 


45 


1317 


16-74 


23-76 


45 




48-3 


48-7 


28-04 


30-76 


33-62 


20-5 


22-2 


23-6 


25-7 


4 


706 


50 


5-55 


9-7 


50 


503 


6-96 


11-85 


50 




42-2 


47-8 


27-34 


29-74 


32-92 


20 


21-7 


23-1 


251 


5 


8-66 


50 


6-88 


11-66 


50 


6-25 


8-57 


14-2 


50 




41-2 


46-8 


26-64 


2904 


32-23 


19-51 


21-2 


22-6 


24-8 


6 


1020 


50 


817 


13-5 


50 


7-45 


101 


163 


50 




40-2 


45-8 


26 


28-44 


31-66 


19-01 


20-6 


22-1 


24-3 


7 


11-7 


50 


9-46 


15-37 


50 


8-64 


1158 


18-3 


50 




39-1 


44-9 


25-28 


27-74 


31 


18-64 


20 


21-5 


28-9 


8 


1313 


50 


10-70 


1700 


50 


981 


1301 


20 


50 




38-1 


43-9 


24-56 


27 


30'32 


18-04 


19-6 


21 


23-4 


9 


H-54 


50 


1193 


18-58 


50 


10-9 


14-4 


21-7 


50 




37 


43 


24 


26-35 


29-63 


17-55 


19 


20-5 


23 


10 


1587 


50 


1316 


2015 


50 


1213 


15-76 


236 


50 




36 


42 


23-22 


26-7 


2908 


17-06 


18-6 


20 


22-5 


11 


1719 


50 


1432 


2153 


50 


13-26 


17-07 


24-7 


50 




35 


41 


22-6 


25 


28-41 


16-58 


17-9 


19-5 


22 


12 


18*5 


50 


15 49 


2285 


50 


14-37 


18-31 


26-29 


50 




33-9 


401 


21-85 


24-4 


27-85 


1608 


17-4 


18-97 


21-55 


13 


19-66 


50 


16-63 


2419 


50 


15-49 


1953 


27-33 


50 




32-8 


39-2 


21-45 


28-4 


27-26 


15-5 


16-9 


18-5 


21-1 


14 


20 83 


50 


17-82 


254 


50 


16-57 


20-7 


28-5 


50 




31-8 


38-2 


20-4 


23 


26-45 


15 


16-3 


18 


20-6 


15 


22 


50 


189 


26-5 


50 


17-65 


21-83 


29-5 


50 




30-8 


37-2 


19-76 


22-36 


25-81 


14-5 


15-8 


17-5 


201 


16 


2312 


50 


19-9 


27-69 


50 


18-71 


23 


30-6 


50 




29-8 


86-2 


19-1 


21-7 


26-15 


14-0 


15-3 


17 


19-6 


17 


24-2 


50 


2101 


28-7 


50 


19-78 


2405 


31-6 


50 




43-76 


49-07 


28-3 30-66 


33-81 


20-68 


22-42 


23-78 


25-83 


4 


711 


55 


5-57 9-74 


65 


504 


703 


1207 


55 




43-21 


48-61 


27-96 30-34 


33-52 


20-45 


22-2 


2308 


25-62 


5 


8-80 


55 


6-9 1176 


65 


6-28 


8-72 


14-8 


55 




41-74 


47-35 


2703 29-43 


32-63 


19-75 


21-47 


22-87 


24-97 


6 


129 


55 


8-22 1318 


55 


7-47 


10-2 


16-9 


55 




40-83 


46-44 


26-41 1 2S-84 


32-06 


19-32 


20-99 


22-42 


24-57 


' 


11-83 


55 


9-5 1565 


55 


8-67 


11-7 


18-8 


66 
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Table 18— {continv£d). 



al strength 
le liquor, 
cent. 


Double effect. 


Triple effect. 


Quadruple e£fect. 


A 


D, 


A 


A 


D, 


A 


D, 


D, 


A 


Initi 
of tb 
Per 


I. 


II. 


I. 


II. 


III. 


I. 


II. 


III. 


IV. 




39-93 


46-63 


26-78 


28-21 


31-47 


18-86 


20-60 


21-96 


2414 


8 


13-31 


55 


10-78 


17-4 


55 


9-86 


13-2 


206 


55 




38-92 


44-72 


26-16 


27-6 


30-89 


18-46 


20-01 


21-41 


23-71 


9 


1473 


55 


1202 


1904 


55 


1103 


14-62 


224 


55 




38-01 


43-71 


24-38 


27-02 


30-36 


18-01 


19-56 


20-95 


28-27 


10 


1613 


55 


13-22 


20-57 


55 


12-2 


16 


241 


55 




37 


43 


23-94 


26-4 


29-76 


17-66 


19 


20-6 


28 


11 


17-46 


55 


14-46 


2214 


55 


133 


17-3 


25-6 


55 




36-09 


42-09 


23-30 


26-77 


29-2 


17-13 


18-65 


20-05 


22-45 


12 


18-77 


55 


15-64 


2356 


55 


14-48 


18-68 


271 


55 




36-18 


41-19 


22-76 


26-16 


28-62 


16-67 


18-1 


19-6 


22 


13 


2056 


55 


16-83 


24-95 


55 


15-6 


19-92 


285 


55 




34-07 


40-48 


22 


24-65 


28 


16-22 


17-64 


19-14 


21-65 


14 


21-23 


55 


18 


26-36 


55 


16-71 


2114 


297 


55 




33 


39-66 


21-32 


23-86 


27-38 


16-73 


17-03 


18-63 


21-12 


15 


2236 


55 


1906 


27-4 


55 


17-8 


2215 


30-8 


55 




32-36 


40-48 


20-73 


23-33 


26-78 


15-22 


16-62 


18-22 


20-82 


16 


23-7 


55 


20-16 


28-6 


55 


18-87 


23 41 


32:16 


55 




31-9 


39-9 


20-40 


28-0 


26-46 


160 


16-3 


18-0 


20-6 


17 


24-95 


55 


2135 


3004 


55 


20 


2474 


335 


55 




44-62 


49-21 


28-48 


30-85 


34-0 


20-83 


22-69 


23-96 


26-97 


4 


7-15 


60 


5-59 


985 


60 


505 


706 


11-9 


60 




4413 


48-64 


27-93 


80-30 


33-38 


20-42 


22-16 


28-62 


26-69 


5 


8-79 


60 


693 


11-99 


60 


6-28 


8-74 


147 


60 




42-2 


48-69 


27-34 


29-74 


32-92 


20 


21-7 


23-1 


26*2 


6 


10-39 


60 


8-26 


13-68 


60 


7-5 


10-29 


1705 


60 




41-41 


4702 


26-8 


29-22 


32-42 


19-61 


21-31 


22-71 


24-84 


7 


11-94 


60 


956 


15-8 


60 


87 


11-85 


19-2 


60 




40-63 


46-14 


26-21 


28-61 


31-86 


19-07 


20-84 


22-27 


24-42 


8 


13-45 


60 


10*84 


177 


60 


9-88 


1333 


21-2 


60 




39-6 


46-4 


26-6 


28-04 


31-2 


18-78 


20-86 


21-86 


2405 


9 


14-9 


60 


121 


19-41 


60 


11-08 


147 


2306 


60 




88-77 


44-67 


26 06 


27-50 


30-79 


18-4 


19-94 


21-34 


28-66 


10 


16-33 


60 


1334 


21-06 


60 


12-25 


16 22 


248 


60 




37-94 


43-74 


24-48 


26-94 


30-26 


17-96 


19-56 


20-90 


23-8 


11 


17-72 


60 


1456 


22-64 


60 


13-4 


17-6 


26-4 


60 




37 


43 


23-94 


26-4 


29-76 


17-66 


19 


20-6 


28 


12 


19-1 


60 


15-78 


2415 


60 


14-5 


18*6 


277 


60 




36-17 


42-17 


23-35 


26-82 


29-17 


17-13 


18-67 


20-07 


22-57 


13 


20-37 


60 


16-96 


25-56 


60 


15-69 


20 22 


29-38 


60 




36-33 


41-34 


22-79 


26-26 


28-62 


16-74 


18-08 


19-68 


22-17 


14 


21-65 


60 


18-13 


26-89 


60 


16-81 


21-48 


3077 


60 
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Table 18— (contmt^). 



ial strength 
le liquor, 
cent. 


Double effect. 


Triple effect. 


Quadruple effect. 


A 


A 


A 


A 


I>. 


A 


A 


A 


A 


Initj 
Per^ 


I. 


n. 


I. 


II. 


III. 


I. 


II. 


in. 


IV. 




34-38 


40-62 


22-16 


24-70 


28-16 


16-33 


17-65 


19-22 


21-8 


15 


2286 


60 


19-27 


28-22 


60 


17-9 


22-7 


32 


60 




a3-42 


39-92 


21-60 


24-14 


27-61 


16-93 


17-14 


18-84 


21-44 


16 


2403 


60 


20-40 


29-48 


60 


19-03 


23-9 


3328 


60 




82-7 


38-1 


21-36 


23-36 


27-16 


16-6 


16-9 


18-5 


21-07 


17 


25*25 


60 


21-6 


30-73 


60 


2011 


251 


346 


60 




44-35 


49-52 


28-66 


31-03 


34-17 


20-96 


22-72 


24-06 


26-1 


4 


718 


65 


56 


9-92 


65 


506 


71 


12-4 


65 




48-65 


48-76 


28-16 


30-52 


33-66 


20-58 


22-32 


23-68 


26-76 


5 


8-85 


65 


6-91 


121 


65 


6-28 


875 


15 


65 




42-68 


4819 


27-61 


30 


3317 


20-19 


21-91 


23-29. 


25-37 


6 


10-40 


65 


829 


1416 


65 


7-51 


10-36 


17-3 


65 




41-8 


47-43 


27-1 


29-5 


32-70 


19-81 


21-51 


22-91 


25-08 


7 


1208 


65 


9-6 


1612 


65 


8-73 


11-93 


19-6 


65 




41 


46-1 


26-54 


28-97 


82-2 


19-42 


21-09 


22-52 


24-66 


8 


13-57 


65 


10-89 


17-99 


65 


9-93 


13-45 


21-6 


65 




40-28 


45-88 


26-03 


2a-46 


81-68 


19-05 


20-72 


22-16 


24-22 


9 


1507 


65 


1216 


19-79 


65 


1112 


14-93 


23-6 


65 




39-4 


45-2 


25-6 


27-9 


81-2 


18-7 


20-25 


21-66 


23-95 


10 


16-5 


65 


13-43 


21-46 


65 


12-4 


16-38 


254 


65 




38-5 


44-5 


24-98 


27-42 


30-7 


18-3 


19-90 


21-3 


23-6 


11 


17-8 


65 


14-66 


23-11 


65 


13-46 


17-8 


271 


.65 




37-86 


43-67 


24-93 


26-9 


30-2 


17-92 


19-46 


20-88 


28-28 


12 


1931 


65 


15-75 


24-8 


65 


14-62 


191 


28-78 


65 




37 


43 


23-94 


26-4 


29-76 


17-66 


19 


20-5 


23 


13 


20-63 


65 


17-09 


26-2 


65 


15-77 


20-49 


30-28 


65 




86-25 


42-25 


23-41 


26-88 


29-21 


17-18 


18-61 


2012 


22-6 


U 


21-94 


65 


18-28 


27-6 


65 


16-90 


21-80 


31-70 


65 




35-36 


41-66 


22-91 


26-3 


28-70 


16-9 


1813 


19-73 


22-13 


15 


23-20 


65 


19-33 


28-9 


65 


1805 


2309 


33-2 


65 




34-68 


40-68 


22-32 


24-82 


28-22 


16-44 


17-74 


19-34 


21-84 


16 


24-5 


65 


20-6 


3027 


65 


19-15 


24-31 


34-41 


65 
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40-13 


21-77 


24-31 


27-78 


16-07 


17-26 


18-96 


21-56 


17 
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65 


21-73 


31-5 


65 


20-26 


25-50 


35-63 


65 
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49-76 


28-83 


31-14 


34-36 


2107 


22-83 


24-17 


26-54 


4 


7-21 


70 
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10 


70 


507 


7-13 


12-5 


70 




43-83 


4903 


28-33 


30-70 


38-84 


20-71 


22-45 


23-81 


25-86 
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70 


7-0 


12-20 


70 


631 


8-79 


1515 


70 




43-01 


48-43 


27-83 


30-20 


33-4 


20-36 


221 


23-46 


25-53 


6 


10-53 


70 


8-31 


143 


70 


7-53 


10-43 


17-5 


70 
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Table 18 — (ccmtinued). 
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1 

27-34 


32-96 


20 


21-7 


23-1 


25-2 


7 


1211 


70 


9-63 


16-31 


70 


875 


1201 


20 


70 




41-48 


47-09 


26-86 


29-26 


32-47 


19-64 


21-34 


22-74 


24-87 


8 


13-67 


70 


1094 


18-23 


70 


9-95 
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2204 
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40-77 


46-37 


26-39 1 


28-85 


3201 


19-29 
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22-39 


24-54 


9 


15-2 


70 


12-22' 


20-11 


70 
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15-06 
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4006 


46-66 


26-86 ! 


28-3 


81-66 


18-93 


20-57 


22-03 


24-21 


10 


1652 


70 


13 49 1 


21-81 


70 


12-33 


1653 


26 


70 




39-24 


45-05 


25-39 1 


27-82 


31-09 


18-67 


2017 


21-67 


23-85 


11 


181 


70 


1474 i 


235 


70 


135 


17-9 


27-78 


70 




38-62 


44-31 


24-88 1 


27-33 


30-62 


18-3 


19-81 


21-21 


23-51 


12 


19-5 


70 


15-98' 


2507 


70 


1469 


1938 


29-48 


70 




37-81 


43-62 


24-4 1 


26-86 


3018 


17-9 


19-46 


20-86 


23-21 


13 


20-9 


70 


1719 ! 


26-6 


70 


15 83 


20-75 


31-11 


70 




37 


48 


23-9 


26-38 


29-72 


17-5 


19-1 


20-5 


22-9 


14 


222 


70 


18-39 


28-2 


70 


16-97 


22-08 


3263 


70 




36-28 


42-27 


23-42 


26-9 


29-24 


17-2 


18-66 


20-15 


22-66 


15 


23-54 


70 


19-59 


29-6 


70 


18-12 


23 38 


3409 


70 




86-67 


41-67 


22-95 


26-43 


28-79 


16-74 


18-29 


19-79 


22-31 


16 


24 83 


70 


20-76 1 


3098 


70 


19-21 


24 59 


3533 


70 




34-86 


40-85 


22-44 


24-94 


28-3 


16-60 


17-8 


19-40 


21-9 


17 


2609 


70 


21-92 1 

1 


323 


70 


20 38 


25-91 


369 


70 



CHAPTEE XI. 

MULTIPLE EFFECT EVAPORATORS. IN WHICH STEAM ("EXTRA 
STEAM") IS TAKEN FROM THE FIRST AND FOLLOWING 
VESSELS FOR OTHER PURPOSES THAN TO HEAT THE NEXT 
VESSEL. 

In the foregoing, those multiple evaporators have been considered, 
in which the steam produced in the first vessel is only used to heat the 
next vessel, i.e., in which the operation of repeatedly using the steam 
is carried out without interference. It is, however, often the case that 
from the first, and frequently from later vessels, considerable quantities 
of steam are taken to be used for other manufacturing purposes. This 
method has the advantage of economising steam, for when steam is 
taken direct from the boiler for other purposes than for the evaporator, 
a certain consumption of fuel is necessitated. Naturally when this 
specially required steam is drawn from the first vessel of the 
evaporator, additional high pressure steam has to be supplied, since 
as much more heating steam must be supplied to the first vessel as is 
necessary to produce the steam taken from it. But then this extra 
steam is produced from the liquor, which is thus freed from the weight 
of water turned into steam, which weight of water has not now to be 
removed by a separate consumption of high pressure steam. 

It is noteworthy that, when this extra stea77i is taken from the 
second or one of the following vessels, the economy in high pressure 
steam is still greater, for steam is now used for manufacturing purposes, 
which has already removed several times its own weight of water 
in the evaporator. It would naturally be most advantageous to take 
the steam required for other purposes from the last vessel of the 
evaporator, which is indeed done, when practicable, but it must be 
remembered that the temperature of the steam falls considerably 
from the first to the last vessel, and the extra steam must thus 
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be drawn from that particular earlier vessel whioh affords a sufficiently^ 
high temperature. • 

The saving for every 100 kilos, of extra steamy taken from the vessels 
indicated, is as follows : — 

Double Triple Quadruple 

effect. effect.' effect. 

From vessel I. 47'5 31 22*5 kilos, of heating steam. 

„ 11. — 62 450 

„ HI. — — 67-5 

Just as in the preceding section there are here two questions- 
to answer : — 

A. How much water must be evaporated in each vessel of a^ 
multiple evaporator, when extra steam is taken from the separate 
vessels ? 

B. What is then the strength of the solution in each vessel ? 



A. How much Water must be Evaporated in Each Vessel of a 
Multiple Effect Evaporator when Extra Steam is taken 
from the Separate Vessels? 

The diagrammatic representation of the evolution of steam in the 
separate vessels given in Fig. 11 provides a clear idea of the process. 
We may suppose the production of extra steam in all the vessels 
completely separated from the regular evaporation of the liquor, for 
it may be assumed that there are separately introduced into the first 
vessel : — 

1. The water, which is to be converted into steam in the various 
vessels by the extra evaporation, then to emerge partly as steam,, 
partly as condensed water. 

2. The liquor, which was originally mixed with this water but is 
now separate from it, and which now contains the same quantity of 
solid matter as originally, but less water by the amount which is to 
be used in the formation of extra steam. The liquor is thus to be 
supposed more concentrated from the beginning. We can find the 
quantity of water to be evaporated in each vessel and in all together 
for the purpose of producing extra steam. By subtracting this weight 
of water from the total weight of liquor, we obtain the weight of 
liquor to be evaporated, on our supposition, in the ordinary manner. 
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Let W = the original weight of liquid, 

r, = its percentage strength in solid matter, 

r, = its percentage strength after the supposititious removal of 

the extra steam, 
«! = the weight of the extra steam to be taken from vessel I., 
p — TT 

*'2 »» »» »>' »» »» »» •■"»••» 

p — TTT 

^8 ft »» »» M l» »» XJ.X. 

If from the second vessel e^ kilos, of extra steam are to be with- 
drawn, then for this purpose rj^ kilos, of steam must be produced in 
the first vessel. And, if e^ kilos, of extra steam are to be removed 
from the third vessel, for that purpose cg kilos, must be produced in 
the second and c^ kilos, in the first. 

Thus, in order to draw off the weights of extra steam, e^, ^2 and e^, 
it is necessary to develop 

In vessel I. e^ + rj^ + Cj kilos, of steam. 

,, 11. ^2 ' ^2 »» 

,, 111. 63 ,, 

Thus the development of extra steam withdraws from the liquor, 
W, the weight of water or steam, D^. 

A = ^1 + 62 + 63 + ci + €2 + i7i (96) 

Thus there remains to be evaporated in the ordinary manner the 
weight of liquor, 

W- D,=^W-(e, + e., + 63 + c^ + €2 + t,i) . . (96) 

The percentage of solids in the liquor rises thereby from ;> to r,, 
and 

r ^ mil IQQr. .97^ 

'' 100 - {e^ + e^ + «3 + ^1 + ^2 + Vi) 100 - D, * ^""^ 

The weights of extra steam, e^ + e., + e^, are given ; the weights, 
«i» «2» Vv *^® ^^w to be determined. 

In order to obtain usable results we shall here, as in the pre- 
ceding chapter, neglect those differences in evaporative capacity pro- 
duced by differences in the fall of temperature from one vessel to 
another. We shall also adopt the average values previously obtained 
for the self-evaporation and the increased evaporation due to the 
diminution of the total heat of the steam in the later vessels. The 
errors so produced are small and negligible in practice. 
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The conclusions of the preceding chapter lead to the following 
expressions : — 

Double, effect. Triple effect. Quadruple effect. 

1 1 1 

^^TOiB^^ '^^TOOTS''^ '^i~r0055^2 

_ 1 1 

^i~ 1-0075 ^2 ^1-10055^2 



1 
e, 



1103 



3 



or 

€i = 0-957 fig ^71 = 0-992 e^ rj^ = 0-995 e,^ 
cj = 0-992 €2 €1 = 0-995 €3 

€2 = 0-9067 ^3 
77i = 0-9022 ^3 

Thus, as a result of the removal of the extra steam, e^, e^ and e^^ 
from the quadruple effect, the total quantity of water withdrawn from 
the liquor is 

A = ej + e.j + ^3 + 0-995 e^ + 0-9067 e^ + 09022 e^ 
= «! + 1-995^2 + 2-8089 63. 

i), gives the quantity of water (or total weight of steam) removed 
from the liquor, when in the first vessel e^, in the second e^ and in the 
third C3 kilos, of extra steam are drawn off. 

In Table 19 are given for many cases the weights of water which 
must be evaporated in the separate vessels of a multiple evaporator 
in addition to the ordinary evaporation of the liquor, if the weights of 
extra steam, e^, e^j 63, are withdrawn. 

If this water, evaporated for the production of extra steam, be 
subtracted from the weight of the liquor, and the remaining water 
still to be evaporated divided among the single vessels as shown 
in Chapter X., and finally the weight of extra steam taken from each 
vessel be added, the total evaporation in each vessel is obtained. 

Example, — Tr=100 kilos, of liquor are evaporated in a quadruple effect 
evajiorator from the concentration r/ = 10 per cent, to r« = 65 per cent. From 
the first vessel e^ = 12, from the second «j = 6 and from the third ^ 3 = 4 kilos, of 
extra steam are to be withdrawn per 100 kilos, of liquor. 

100 kilos, of liquor of 10 per cent, strength will give 

— 5^ — = 16*38 kilos, of 66 per cent, strength. 
00 
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Table 19. 

The weights of steam which must be evolved in each vessel of a 
multiple evaporator, and the total quantity of water lost in con- 
sequence by the liquor, if e^, e<^ and e^ kilos, of ^xitra steam are 
taken from the vessels. 



n 




H 




li 


3a 


1 


3 


"3 


Si-i 




S "-^ 


6 


a 


hH 


M 


6 


a 


If «j kiloB. of extra stea 
withdrawn from vessel 
100 kilos, of liquor. 


2 
'3 
.2* 

§ 

> 


■« CO 

8 Li- 
ma's 
III 


1 
S ^ 

■3 "2 II 

.s| 


U 

s 

5 + 
5v- 


111 

Km 
sis 


lit 

.S.S 

9l 
II 






2 


Vi to 


«5 . 

2 


I, 


«j+ni 


'J 

2 


«« 


€] 


5-617 


1-986 


3-986 


1-813 


1-804 


4 


1! 


4 


3-972 


7-972 


4 


3-626 


3-608 


11-234 


6 


6 


5-968 


11-958 


6 


5-439 


5-412 


16-851 


8 
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29-790 


59-790 
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32 


31-773 


63-773 











Thus there must be evaporated 100 - 15-38 = 84*62 kilos, of water. 
Next, to determine the weight of steam which must be evolved in each 
vessel in order to produce the extra steam. 
From Table 19 we find:— 



In vessel 


I. 


II. 


III. 




For ei = 12 - 


c,= 12 


— 







For <?j = 6 


1,1= 5-968 


e^ = 6 


— 




For ^3 = 4 


ci= 8-608 


«2 = 3-626 


^3 = 4 


Total, 
35-192 kilos 




21-566 


9-626 


4 
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Thus in bhe first vessel 21*566, in the second 9*626, in the third 4*0 kilos, of 
steam, in all 35*192 kilos., are withdrawn from the liquor for the formation of 
extra steam. For evaporation in the regular manner there remain 

84-62 - 85-192 = 49-428 kilos. 

The quadruple effect evaporates this weight (Chapter X., p. 86) : — 

In vessel - - I. II. III. IV. 

In the ratio - 0-2161 0-2427 : 0-2585 : 02844 Total, 

D, = 10-686 JDj = 12-000 D^ = 12-682 D^ = 14061 49-428 kilos. 
Add for extra 

steam - - 21-566 9-626 4*0 00 



Thus the total 
evaporation of Total, 

each vessel is 35-251 21-626 16682 14061 84*620 kilos. 

The evaporation effected hy the transference of heat, i.^., without self- 
evaporation, in each vessel, is, on the average, according to Chapter X. 
(pp. 84, 85), 

0-931 X 49-428 = 46*017 kilos., 
of which are evaporated 

In vessel - - I. II. III. IV. 

In the ratio - . i : 1-0055 1-109 1-196 Total, 

d = 10-685 d = 10-725 d = 11-887 d = 12770 46017 kilos. 

Add for extra steam 21*566 9*626 40 00 

Total, 

32-251 20-351 15-887 12-770 81-209 kilos. 



B. What 18 now the Concentration of the Liquor in 
Each Vessel? 

After finding how much water the liquor loses in each vessel, its 
strength or the percentage of solid matter is readily ascertained. 

If the original liquor contained r^ per cent, of solids (in the last 
example, 10 per cent.), and from 100 kilos, there were evaporated in 
the first vessel i^j + e^ + ly^ + Cj (here 32*251 kilos.), then the per- 
centage of dry material. in the first vessel would be 

_ 100 r ^ _ 100 X 10 _ 1 . o . 

""^ " 100 - (D, + ^1 + cj + ri,) " 100 - 32-251 ~ ^* ^ P^^ ^^^- 

in the second 

100 X 10 
"^ = 100 - (32-251 + 21^626) = ^^'^ P"^ ^^'^ 
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in the third 

100 X 10 ^ ^ 

"■^ ■" 100 - (32-251 + 21-626T"16^682) " ^^''^ ^^ '^''*" 

and in the fourth 

100 X 10 



= 66 per cent. 



* 100 - (32-251 + 21-626 + 16682 + 14-06) 

Since the cases which occur in practice are so extraordinarily 
different, that they cannot be brought within the limits of a table, 
the attempt must be abandoned; when necessary the calculation 
must be performed. 

The commonest case in practice is that in which extra steam is 
taken only from the first vessel; the variations are not then so 
numerous that they cannot be tabulated. Accordingly Table 20 has 
been calculated for this case ; the percentage strength is given of the 
liquid in the different vessels of the double, triple and quadruple effect 
evaporator for liquids which are thickened from r^ » 6-13 per cent, to 
r„ = 50-70 per cent., when extra steam to the extent of 6, 10, 15, 20 or 
25 per cent, is taken from the first vessel. 

Finally, in order to facihtate numerous calculations, Table 21 is 
added. It gives the percentage strengths of solutions, which origin- 
ally contained 1-30 per cent, of solids, after 1-35 per cent, of water 
has been withdrawn. 
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Tablb 20. 

Percentage of solids in the contents of the separate vessels of the double, 
triple and quadruple effect evaporators, for liquids of originally 
r, = 6-13 per cent, strength, when in the first vessel 5, 10, 15, 
20 or 25 per cent, of extra steam is drawn off, and in the last 
vessel a liquor of 50, 60 or 70 per cent, strength is to be produced. 
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50 


10-7 


14-15 


21-3 


50 




16 


9-4 


15-2 


50 


12-5 


19-3 


60 


11-5 


151 


22-6 


60 




20 


10 


15-87 


50 


13-16 


20-15 


60 


12-13 


15-76 


28-5 


60 




26 


10-66 


16-42 


60 


13-75 


20-88 


50 


12-62 


16-76 


240 


60 
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^ 


1.- 


00 -«a Q) 

sig 


Double 
effect. 


Triple effect. 


Quadrupl 


e effect 




11 

o (^ 


fli 
III 




I. 


II. 


I. II. 


III. 








I. II. 


III. 


IV. 


JL . 


«1 


rr 


^1 


'2 


ri 


^1 


r., 


_'i ._'■» 


/•- 


^^4 


8 


5 


8-42 


14 


60 


11-3 


18-3 


60 


10-3 13-9 


21-9 


60 




10 


8-88 


14-8 


60 


11-9 


19-2 


60 


11 14-6 


22-8 


60 




16 


9-4 


15-6 


60 


12-7 


20-2 


60 


11-7 16-6 


23-9 


60 




20 


10 


16-33 


60 


13-84 


21-08 


60 


12-25 16-22 


24-8 


60 




25 


10-66 


17-03 


60 


13-79 


21-87 


60 


12-9 16-92 


26-6 


60 


8 


5 


8-42 


14-3 


70 


11-5 


18-8 


70 


10-4 14-1 


22-8 


70 




10 


8-88 


15 


70 


12 


19-9 


70 


11 14-9 


23-8 


70 




15 


9-4 


15-7 


70 


12-8 


21 


70 


11-85 15-8 


25 


70 




20 


10 


16-52 


70 


13-49 


21-81 


70 


12-331 16-6 


26 


70 




25 


10-66 


17-12 


70 


14-1 


22-6 


70 


12-93' 17-25 


26-9 


70 


9 


5 


9-48 


15-2 


50 


12-5 


19-3 


50 


11-5 


151 


22-6 


50 




10 


10 


16-87 


60 


13-15 


20-13 


60 


12-13 


16-76 


23-5 


50 




15 


10-56 


16-48 


60 


13-76 


20-83 


50 


12-62 


16-76 


24-1 


50 




20 


11-25 


17-5 


50 


14-6 


21-93 


50 


13-66 


18 


25-1 


50 




25 


12 


18-5 


60 


15-49 


22-86 


50 


14-37 


18-31 


26-29 


60 


9 


5 


9-48 


15-6 


60 


12-7 


20-2 


60 


11-7 


16-6 


23-9 


60 




10 


101 


16-38 


60 


13-34 


21-08 


60 


12-26 


16-22 


24-8 


60 




16 


10-56 


17-03 


60 


13-79 


21-87 1 60 


12-9 


16-92 


25-6 


60 




20 


11-26 


18-1 


60 


14-86 


23-04 


60 


13-7 


17-86 


26-7 


60 




26 


12 


19-1 


60 


15-78 


24-16 


60 


14-5 ■ 18-6 


27-7 


60 


9 


5 


9-48 


15-7 


70 


12-8 


21 


70 


11-85: 15-8 


26 


70 




10 


101 


16-52 


70 


13-49 


21-81 


70 


12-33 16-53 


26 


70 




15 


10-66 


17-12 


70 


14-1 


22-6 


70 


12-93 


17-26 


26-9 


70 




20 


11-25 


18-5 


70 


15-05 


23-9 


70 


13-8 


18-25 


28-18 


70 




25 


12 


19-5 


70 


15-96 


2607 


70 


14-69 


19-38 


29-48 


70 


10 


5 


10-52 


16-6 


50 


13-8 


20-8 


50 


12-7 


16-5 


24-1 


60 




10 


1111 


17-3 


50 


14-43 


21-66 


50 


13-87 


17-71 


24-85 


50 




15 


11-76 


18-2 


60 


16-2 


22-6 


50 


14 1 18 


26-7 


50 




20 


12-5 


19-1 


60 


16-09 


23-5 


60 


14-9 18-9 


26-9 


50 




25 


13-38 


20 


50 


17 


24-6 


60 


16-7 ; 19-8 


27-6 


50 


10 


6 


10-52 


17 


60 


13-9 


21-8 


60 


12-8 ! 16-9 


25-6 


60 




10 


11-11 


17-85 


60 


14-68 


22-79 


60 


13-51 17-7 


26-5 


60 




15 


11-76 


18-8 


60 


16-6 


24-8 


60 


14-2 1 18-3 


27-4 


60 




20 


12-5 


19-7 


60 


16-38 


24-86 


60 


161 ; 19-2 


28-6 


60 




25 


13-83 


20-77 


60 


17-26 


25-86 


60 


16 ' 20-52 


29-7 


60 


10 


6 


10.52 


17-3 


70 


14 


22-7 


70 


12-9 


17-2 


26-9 


70 




10 


12-22 


18-27 


70 


14-86 


23-65 


70 


13-6 


18 


27-95 


70 




15 


12-95 


19-2 


70 


15-6 


24-6 


70 


14-4 


19 


29 


70 




20 


13-75 


20-2 


70 


16-58 


25-87 


70 


15-29 


20 


30-3 


70 




25 


14-66 


21-2 


70 


17-5 


26-9 


70 


16-1 


21 


31-6 


70 


11 


5 


11-57 


17-9 


50 


14-9 


22-2 


50 


13-8 , 17-6 


25-5 


50 




10 


12-22 


18-8 


50 


15-8 


23-1 


50 


14-6 


18-6 


26-6 


50 
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4 


3ntage of 
steam taken 
vessel I. 


liquor is 
by brought 
e percentage 
gth. 


Double 
effect. 


Trip 


le effect. 


Quadruple effect. 








i 1 


ti. 


Perc< 
extra 
from 


The 
there 
toth 
stren 


I. n. 


I. 


IL 


IIL 


I. 


II. 


III. 


IV. 


11 


15 


r^ 


*"l 


_*"!_ 


n 


^2 


^3 


Tj 


19-5 


27-3 


50 


12-95 


19-6 


50 


16-5 


241 


50 


15-4 




20 


13-75 


20-5 


50 


17-5 


25-1 


50 


16-25 20-4 


28-2 1 50 




25 


14-66 


21-5 


50 


18-5 


26 


50 


17-2 


21-4 


291 1 50 


11 


5 


11-57 


18-30 


60 


15-1 


23-3 


60 


13-8 


18-1 


27-1 ' 60 




10 


12-22 


19-4 


60 


16 


24-6 


60 


14-3 


18-9 


28 1 60 




15 


12-95 


20-3 


60 


16-9 


25-5 


60 


15-6 


20-2 


29-3 1 00 




20 


13-75 


21-35 


60 


17-8 


26-5 


60 


16-5 


21-1 


30-4 ; 60 




25 


14-66 


21-4 


60 


18-8 


27-5 


60 


17-5 


22-2 


31-4 60 


11 


5 


11-57 


18-8 


70 


15-4 


23-8 


70 


14-1 


18-6 


28-6 70 




10 


12-22 


19-8 


70 


16-3 


25-5 


70 


16 


19-7 


29-8 70 




15 


12-95 


20-8 


70 


17-1 


26-5 


70 


15-8 


20-7 


81 70 




20 


13-75 


21-9 


70 


18-1 


27-9 


70 


16-6 


21-7 


32-3 I 70 




25 


14-66 


22-9 


70 


191 


29 


70 


17-6 


22-7 


33-4 70 


12 


5 


12-63 


19 


50 


16-1 


23-5 


60 


14-9 


18-9 


26-8 1 50 




10 


13-33 


20 


50 


17 


24-6 


50 


16-49 19-8 


27-6 ; 50 




15 


1411 


20-95 


50 


17-93 


26-6 


50 


16-68 20-8 


28-6 1 50 




20 


15 


22 , 50 


18-9 


26-5 


60 


17-65 21-8 


29-6 1 60 




25 


16 


23-12 50 


19-9 


27-69 


50 


18-71 


23 


30-6 ' 50 


12 


5 


12-63 


19-7 


60 


16-4 


24-8 


60 


15-1 


19-5 


28-6 60 




10 


13-33 


20-77 


60 


17-36 


25-87 


60 


15-99 


20-63 


29-7 1 60 




16 


14-11 


21-77 


60 


18-24 


27 03 


60 


16-92; 21-63 


30-9 


60 




20 


15 


22-86 


60 


19-27 


28-22 


60 


17-9 22-7 


32 


60 




25 


16 


2403 


60 


20-40 


29-4ij 


60 


1903 23-9 


33-28 


60 


12 


5 


12-63 


20-3 


70 


16-6 


25-8 


70 


15-3 20 


30-3 


70 




10 


18-33 


21-3 70 


17-59 


27-1 


70 


16-23 ' 20-35 


30-61 


70 




15 


14-11 


22-4 


70 


18-53 


28-3 


70 


17-1 22-21 


32-77 


70 




20 


15 


23-64 


70 


19-59 


29-6 


70 


18-12 23-28 


34-09 


70 




25 


16 


24-83 


70 


20-76 


30-98 


70 


19-21 ! -24-59 


36-33 


70 


13 


5 


13-68 


20-3 


50 


17-2 


24-9 


50 


16 1 201 


27-9 


50 




10 


14-44 


21-3 


50 


18-3 


25-9 


50 


17 ! 21-2 


29 


50 




15 


16-28 


22-8 


50 


19-7 


27-3 


50 


18-4 22-7 


30-3 


50 




20 


16-26 


23-4 


50 


20-2 


27-9 


50 


19 23-3 


30-9 


50 




25 


17-33 


24-5 


50 


21-4 


29 


50 


20 24-4 


32 


60 


13 


5 


13-63 


21 


60 


17-6 


26-3 


60 


16-3 20-9 


30-1 i 60 1 




10 


14-44 


221 


60 


18-6 


27-4 


60 


17-3 


22 


31-2 


60 




15 


15-28 


28-1 


60 


19-6 


28-5 


60 


18-2 


23 


32-3 


60 




20 


16-25 


24-3 


60 


20-7 


29-8 


60 


19-3 


24-2 


33-6 


60 




25 


17-33 


25-6 


60 


22 


31-1 


60 


20-6 


26-5 


36 


60 


13 


5 


13-68 


21-6 


70 


17-8 


27-4 


70 


16-4 


21-4 


31-9 


70 




10 


14-44 


22-6 


70 


18-8 


28-7 


70 


17-5 


22-6 


33-2 


70 




15 


15-28 


28-9 


70 


19-9 


29-9 


70 


18-4 


23-7 


34-4 


70 




20 


16-25 


25-1 


70 


21 


31-3 


70 


19-6 


24-9 


35-7 


70 




25 


17-33 


26-4 


70 


22-3 


32-2 


70 


20-7 ! 26-3 

1 


37-6 


70 
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Table 21. 



Percentage of solid matter, r„, in liquors, 
solids, after 1-38 per 



i 
1 
1^ 


If there be taken from 100 


1 


2 


3 


4 


6 


6 7 


8 9 


10 


11 


12 


18 
§1. 












1 






















the residue contains r^ per 


1 


101 


1-02 


1-08 


1-04 


1-06 


1-06 


1-08 


109 


1-10 


1-11 


1-12 


1-14 


2 


202 


2-04 


2-06 


2-08 


2-11 


2-13 


2-15 


2-17 


2-20 


2-22 


2-25 


2-27 


3 


303 


8-06 


8-09 


318 


8-16 


3-19 


3-28 


8-26 


8-80 


3-88 


3-37 


3-41 


4 


404 


4-08 


4-12 


4-17 


4-21 


4-26 


4-80 


4-35 


4-40 


4-44 


4-49 


4-55 


5 


605 


6-10 


616 


6-21 


6-26 


6-82 


6-88 


6-48 


6-49 


6-66 


5-62 


5-68 


6 


6-06 


6-12 


6-19 


6-26 


6-82 


6-38 


6-46 


6-62 


6-69 


6-66 


6-74 


6-82 


7 


707 


718 


7-21 


7-29 


7-36 


7-45 


7-68 


7-6 


7-69 


7-77 


7-8 


7-96 


8 


8-08 


8-16 


8-26 


8-84 


8-42 


8-52 


8-60 


8-7 


8-79 


8-88 


8-98 


909 


9 


909 


9-18 


9-27 


9-37 


9-48 


6-57 


9-67 


9-78 


9-89 


8-99 


10-11 


10-28 


10 


1010 


10-20 


10-31 


10-41 


10-62 


10-64 


10-75 


10-87 


10-99 


11-11 


11-23 


11-86 


11 


11-11 


11-22 


11-34 


11-46 


11-57 


11-70 


11-82 


11-95 


12-08 


12-22 


12-86 


12-6 


12 


1212 


12-24 


12-87 


12-6 


12-63 


12-77 


12-90 


18-04 


13-19 


18-38 


13-49 


13-64 


13 


18-13 


18-26 


13-40 


13-64 


13-68 


13-82 


18-98 


14-13 


14-28 


14-44 


14-60 


14-77 


14 


14-14 


14-26 


14-43 


14-58 


14-78 


14-89 


16-06 


15-20 


16-88 


16-66 


16-56 


16-91 


15 


1515 


16-80 


16-46 


15-61 


15-78 


15-96 


16-12 


16-31 


16-48 


16-66 


16-84 


17-04 


16 


1616 


16-82 


16-49 


16-68 


16-84 


17-04 


17-2 


17-4 


17-68 


17-77 


17-94 


18-18 


17 


17-17 


17-85 


17-62 


17-70 


17-89 


18-08 


18-28 


18-48 


18-68 


18-88 


19-20 


19-32 


18 


18-18 


18-86 


18-64 


18-74 


18-96 


19-14 


19-34 


19-66 


19-78 


20-00 


20-20 


20-46 


19 


1919 


19-89 


19-69 


19-78 


20 


20-21 


20-43 


20-65 


20-88 


21-11 


21-35 


21-59 


20 


20-20 


20-40 


20-62 


20-82 


21-04 


21-28 


21-6 


21-74 


21-98 


22-22 


22-46 


22-73 


21 


21-21 


21-44 


21-56 


21-88 


22-1 


22-84 


22-58 


22-82 


28-07 


28-38 


28-68 


28-86 


22 


22-22 


22-45 


22-68 


22-92 


23-16 


28-40 


23-65 


28-91 


24-17 


24-44 


24-75 


25 


23 


28-23 


23-47 


28-71 


23-96 


24-21 


24-46 


24-78 


25 


26-27 


25-65 


26-84 


2618 


24 


24-24 


24-44 


24-74 


25 


25-26 


45-64 


26-81 


2608 


26-87 


26-66 


26-96 


27-27 


25 


26-25 


25-50 


26-77 


26-04 


26-31 


26-59 


2709 


27-17 


27-47 


27-77 


28-09 


28-41 


26 


26-26 


26-63 


26-80 


27-08 


27-87 


27-66 


27-96 


28-26 


28-57 


28-88 


29-2 


29-56 


27 


27-27 


27-66 


27-86 


26-12 


28-42 


28-72 


29-08 


29-34 


29-67 


80 


30-84 


30-68 


28 


28-28 


28-63 


28-87 


29-17 


29-46 


29-78 


301 


30-4 


80-76 


81-11 


81-46 


31-82 


29 


29-29 


29-69 


29-90 


30-20 


30-53 


30-85 


31-18 


31-52 


31-87 


82-22 


82-58 


32-95 


80 


30-80 


30-60 


30-93 


31-23 


81-66 


31-92 


82-26 


32-61 


32-97 


83-33 


33-69 


S4-08 
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Table 21. 



which origmally contained r, = 1-30 per cent, of 
cent, of water has been abstracted. 



kilos, of liquor the following weights < 


}f water, in kilos. 








1 
§ 

OD 

II 


13 ; 14 

1 


16 


16 


17 


18 


19 


20 


21 


22 


23 


24 


26 


cent, of solids. 


115 1-16 1-18 


119 


1-20 


1-22 


1-23 


1-26 


1-27 


1-29 


1-30 


1-81 


1-33 


1 


2-3 


2-32 1 2-83 


2-36 


2-44 


2-44 


2-47 


2-6 


2-53 


2-56 


2-69 


2-63 


2-67 


2 


3-46 


3-49 3-62 


3-67 3-62 


3-66 


3-7 


8-76 


8-79 


8-85 


8-90 


8-96 


4 


3 


4-5 


4-66 


4-7 


4-76' 4-82 


4-87 


4-94 


6 


606 


6-13 


5-19 


6-26 


5-38 


4 


5-74 


5-81 


6-88 


6-96 


602 


609 


617 


6-26 


6-33 


6-48 


6-49 


6-68 


6-66 


6 


6-69 


6-98 


706 


7-14 


7-23 


7-81 


7-40 


7-6 


7-69 


7-69 


7-79 


6-84 


8 


6 


805 


8-14 


8-24 


8-33 


8-43 


8-64 


8-64 


8-76 


8-86 


8-94 


9-09 


9-21 


9-33 


7 


9-2 


9-8 


9-4 


9-62 


9-64 


9-74 


9^ 


10 


10-12 


10-26 


10-38 


10-62 


40-66 


8 


10-35 ! 10-47 


10-66 


10-71 


10-84 


10-98 


11-1 


11-26 


11-37 


11-65 


11-68 


11-85 


12 


9 


11-49 


11-63 11-76 


11-9 


12-04 


1219 


12-86 


12-6 


12-66 


12-86 


12-97 


18-13 


13-33 


10 


12-64 


12-79 


12-92 


18-20 


13*26 


13-41 


13-68 


13-76 


13-88 


1410 


14-28 


14-47 


14-66 


11 


13-79 


13-96 


14-11 


14-29 


14-46 


14-63 


14-81 


16 


16-19 


16-89 


16-68 


16-79 


16 


12 


14-94 


16-11 


16-27 


16-47 


16-66 


16-85 


16-04 


16-26 


16-45 


16-66 


16-88 


17-11 


17-38 


18 


16-09 


16-28 


16-47 


16-66 


16-86 


17-08 


17-28 


17-6 


17-72 


17-96 


18-18 


18-42 


18-66 


14 


17-23 


17-44 


17-64 


17-86 


18-oe 


18-28 


18-61 


18-76 


18-97 


19-29 


19-46 


19-74 


19-99 


16 


18-4 118-6 


18-8 


19-04 


19-28 


19-48 


19*76 


20 


20-24 


20-62 


20-76 


21-04 


21-32 


16 


19-541 19-77 


19-99 


20-24 


20-46 


20-73 


20-99 


21-26 


21-52 


21-79 


22-08 


22-87 


22-66 


17 


20-70 20-94 


2112 


21-41 


21-68 


21-96 


22-2 


22-6 


22-76 


2310 


23-36 


28-70 


24 


18 


21-84 22-09 


22-36 


22-62 


22-88 


23-19 


23-45 


23-76 


24-05 


24-36 


24-69 


26 


25-33 


19 


22-98 2:3-25 


23-63 


23-8 


24 


24-38 


24-69 


26 


25-80 


25-72 


26-95 


26-32 


26-66 


20 


2414 


24-42 


24-76 


26-08 


26-8 


26-61 


26-92 


26-26 


26-68 


26-91 


27-60 


27-63 


28 


21 


26-29 


25-58 


26-86 


26-19 


26-6 


26-83 


2716 


27-5 


27-87 


28-20 


28-67 


28-96 


29-83 


22 


26-44 


26-74 


27-06 


27-38 


27-71 


2806 


28-39 


28-88 


29-11 


29-49 


29-87 


30-26 


80-66 


23 


27-6 


27-9 


28-22 


28-67 


28-92 


29-26 


29-62 


30 


80-86 


30-77 


31-16 


31-5 


32 


24 


28-74 


2907 


29-41 


29-77 


30-12 


30-49 


30-86 


31-26 


81-64 


3206 


82-47 


32-89 


83-88 


26 


29-89 


30-33 


80-67 1 30-96 


31-32 


31-70 


32-09 


32-6 


32-91 


33-33 


33-77 


34-21 


34-66 


26 


31-03 


31-4 


31-76 


82-14 


32-62 


82-92 


38-83 


88-76 


84-18 


84-61 


36-07 


86-60 


36 


27 


3218 


32-56 


32-94 


33-33 


83-73 


3416 


34-57 


36 


36-44 


36-9 


36-86 


36-84 


37-38 


28 


33-83 


33-72 34-12 


84-62 


34-94 


36-36 


36-86 


36-26 


36-72 


37-18 


87-66 


8816 


38-66 


29 


34-47 


34-88136-28 


36-70 


3612 


36-67 


37-03 


37-6 


87-95 


38-68 


38-92 


89-48 


39-99 


80 
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Table 21 — (contmued). 



la 
•§,8 

SI 

1 


If there be taken from 100 kilos, of liquor the following weights of water, in kilos. 


26 


27 


28 


29 


30 


81 


32 


38 


34 


35 


36 


37 


38 






the residue contains r,. per cent, of solids. 




1-35 


1-37 


1-39 


1-41 1-43 1-45 


1-47 


1-49 


1 
1-52 1-54 


1-57. 1-59 


ix^; 


2 


2-7 


2-74 2-77 


2-82 2-86 2-90 


2-94 


2-99 


3-03 3-08 


3-131 3-18 3-23 


3 


4 05 


4-11 4-16 


4-22 4-29 4-35 


4-41 ' 4-47 


4-54 4-61 


4-7 4-77 4-84 


4 


5-4 


5-48 1 5-55 


5-63 5-71 5-80 ; 5-88 5*97 


6-06 6-15 


6-26 6-8G 6-46 


5 


6-75 


6-851 6-93 


7-04 7-14 7-25 735 

1 


7-46 


7-68. 7-69 


7-83; 7-95' 8-07 

1 


6 


810 


8-22! 8-33 


8-45 8-571 8-69 


8-85 


8-95 


9-08 9-23 


9-39, 9-64! 9-68 


7 


9-46 


9-6 9-72 


9-85 10 1014 


10-29 


10-45 


10-6 10-77 


10-96111-13 11-29 


8 


10-8 


10-96 11 11 


11-20 11-42 11-60 


11-76 


11-94 


1212 12-31 


12-62 12-72 12-91 


9 


1215 


12-33 12-48 


12-66 12-87 113-05 


13-23 


13-41 


13-63 13-83 


1409 14-31 14-52 


10 


13-51 


13-7 13-87 


14-08 14-29 14-49 


14-71 


14-93 


15-15 15-38 


16-66 1 15-90 1614 


11 


14-79 


15-07 15-15 


15-21 15-55 1 15-94 


16-18 


16-41 


16-66 16-92 


17-22 17-491 17-76 


12 


16-21 


16-44 16-66 


16-9 1714 , 17-39 


17-64 


17-91 


18-17 18-46 


18-79 19-08.19-36 


13 


17-56 


17-81 18-55 


18-31 1 18-57 ! 48-84 


19-13 


19-33 


19-69 20 


20-36 20-67 1 20-98 


14 


18-92 


19-17 19-44 


19-71 20 '20-29 


20-59 


20-90 


21-21 21-54 


21-92 22-26 22-59 


15 


2016 


20-65 j 20-84 


21-12 2113 21-74 


22-06 


22-40 


22-72 23-07 


23-5 .23-85 2421 


16 


21-6 


21-92 , 22-22 


22-52 22-84 2320 


23-62 


23-88 


24-24 24-62 


26-95 25-44, 24-83 


17 


22-97 1 23-29 1 2361 


23-94 24-29 24-64 


25 


25-37 


25-76 2615,26-62 


27-03 27-43 


18 


24-30 24-66 24-99 i 24-35 25-71,26-08 


26-46 


26-86 


27-25 27-69 


28-28 


28-62 29-05 


19 


25-67 2602 26-39 


26-76 , 27-14 , 2752 


27-94 


28-86 


28-79 , 29-20 


29-75 


30-21 30-68 


20 


27-02 17-4 27-74 


28.16 28-58 28-98 


29-42 


29-86 


20-:^U 


30-76 


31-82 


31-80 , 82-28 


21 


28-38 


28-77 1 2916 


29-46 : 30 3042 ' 3087 


81-35 


81-80 


32-31 


32-88 


33-40 33-89 


22 


29-59 


30-14 , 30-dO 


30-42 31-10, 81-88 


32-36 


82-82 


33-33 


33-84 


34-45 


84-98 35-50 


23 


31-08 


31-51 31-94 


32-39 32-86 83-33 


33-82 


84-38 


34-85 


35-38 


36-0 


36-67 i 37-12 


24 


32-42 ; 82-88 33-38 


33-80 34-29,35-78 


35-29 


85-82 


36-36 


36-92 


37-68 


38-16.38-73 


25 


83-78 1 34-25 1 34-70 1 85*20 3542 36-23 


36-77 


37-38 


37-87 


38-45 


39-2 


39-75140-35 


26 


35-13 ; 35-61 ; 36-11 


36-62 37-14 37-68 


38-26 


38-65 


39-39 


40 


40-62 


41-84 41-96 


27 


36-48! 37 1 37-44 


37-98 38-61 39-15 


39-69 


40-23 


40-86 


41-49 


42-28 


42-93 43-67 


28 


37-84 38-35 38-88 


39-43 40 40-58 


41-18 


41-80 


42-42 


43-08 


43-94 


44-52 46-79 


29 


39-19 39-72 1 40-27 


40-84 41-41 42-03 42-79 


43-29 


43-94 


44-61 


46-41 


46-11 46-90 


30 


40-53 41-1 41-66 

1 1 


42-25.43-48 43-48,44-12 


44-8 


46-46 


4616 


47-0 


47-7 ,48-42 



CHAPTER XII. 

THE WEIGHT OF WATER WHICH MUST BE EVAPORATED FROM 
100 KILOS. OF LIQUOR IN ORDER TO BRING ITS ORIGINAL 
PERCENTAGE OF SOLIDS, r/, UP TO THE DESIRED HIGHER 
PERCENTAGE r„. 

The purpose of an evaporator is, as a rule, to increase the original 
strength of a liquid in solids (dry matter) from ;> per cent, to a 
greater strength, r^ per cent., by evaporation of water. How much 
water must be evaporated in each case ? 

If there are r^ kilos, of solids in 100 kilos, of liquid, and if this 
Tf kilos, is to become r« per cent, in the concentrated liquor, then th^i 
weight, (7, of the concentrated liquid is given by 

r^:U^r„: 100 or if = ^-^- .... (98) 

Thus the weight of water to be evaporated from 100 kilos, of 
liquid is 



100 



- C7 = 100 - "^ = 100(l - ^A . . . (99) 

and the weight of water to be evaporated from IV kilos, of a liquid, 
which contains r, per cent, of solids, in order to concentrate it to 
the strength of r„ per cent., is 

TF- C7= wfl - ^A (100) 

Example. — 1000 kilos, of liquid, originally containing ;y— 10 per cent, of 
solids, are to be evaporated to such an extent that the residue will contain ;-„ = G0 
per cent. Then 

W-U^ 1000^1 - ^) - B33 kilos. 
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In Table 22 are given the weights of water which must be 
evaporated from 100 kilos, of Hquid containing r^ = 1-25 per cent, of 
solids, in order to produce a concentrated liquid containing 20-70 per 
cent, of solids. 



Table 22. 

The weight of water which must be evaporated from 100 Idlos. of 
liquid in order to bring the original percentage of solids, r, per 
cent., up to the desired higher r„ per cent. 



4 




Percentage of solids, r,*, to be contained in the liquid after 


o 8 


20 




evaporation. 


22-6 


26 


27-5 


30 


82-5 j 86 


1 1 
{ 40 1 45 50 ; 60 


70 


The weight of wat 


sr in kilos, to be evaporated from 




r/per 




100 kilos, of liquid. 1 


cent. 




1 


1 


95 


95-6 


96 


96-4 


96-7 


96-9 


97-2 


97-6 


97-8 


98 


98-4 


98-6 


2 


90 


91-2 


92 


92-8 


93-8 


93-8 


94-8 


95 


96-6 


96 


96-7 


991 


8 


86 


86-7 


88 


89-1 


90 


90-8 


91-48 


92-6 


93-8 


94 


95 


95-7 


4 


80 


82-8 


84 


85-8 


86-7 


87-7 


88-6 


90 


91-1 


92 


93-4 


94-3 


6 


76 


77-8 


80 


81-8 


83-3 


84-6 


86-8 


87-5 


88-9 


90 


91-8 


92-9 


6 


70 


78-4 


76 


78-2 


80 


81-6 


88-3 


85 


86-7 


88 


90 


91-4 


7 


66 


68-4 


72 


74-5 


76-7 


78-4 


80 


82-6 


84-5 


86 


89 


90 


8 


60 


64-6 


68 


70 


73-8 


75-4 


77*4 


80 


82-3 


84 


87-3 


88-6 


9 


66 


60 


64 


67-2 


70 


72-3 


76 


77-6 


80 


82 


85 


87-1 


10 


60 


66-6 


60 


63-7 


66-7 


69-3 


71-6 


75 


77-8 


80 


88-3 85-7 


11 


45 


61-2 


56 


60 


63-3 


66-2 


68-6 


72-5 


75-6 


78 


82 841 


12 


40 


46-7 


62 


56-4 


60 


63-1 


66-6 


70 


73-4 


76 


80 82-8 


13 


85 


42-3 


48 


52-7 


66-7 


60 


62-9 


67-5 


71 


74 


79 81-4 


14 


30 


37-8 


44 


49 


63-3 


56-8 


60 


65 


68-9 


72 


77 1 80 


15 


26 


83'4 


40 


45-4 


50 


68-8 


67-8 


62-5 


66-7 


70 


75 [ 78-6 


16 


20 


29 


36 


41-8 


46-7 


60-8 


54-4 


60 


64-5 


68 


73-4 ' 771 


17 


16 


24-6 32 


38-2 


43-3 


48-8 


61-4 


67-6 1 62-3 


66 


71-7 : 75-7 


18 


10 


20 28 


34-6 


40 


44-6 


50 


55 60 


64- 


70 . 74-8 


19 


6 


15-6 1 24 


31 


36-7 


41-6 


45-7 


62'5 


57-8 


62 


68 : 72-9 


20 





11-2 , 20 


27-3 


33-3 


88-5 


43 


50 


66-8 


60 


67 1 71-4 


21 





6-7 ! 16 


23-7 


30 


86-4 


40 


47-5 


68-4 


58 


66 ! 70 


22 


— 


2-3 12 


20 


26-7 


32-3 


37-2 


45 


51-1 


56 


63-4 1 68-6 


28 





— 8 


16-3 


23-8 


29-3 


34-3 


42-5 


48-9 


54 


61-7 ' 67-2 


24 





— 4 


12-8 


20 


26-2 


31-6 


40 


46-6 


62 


60 • 65-8 


26 


— 1 


1 


1-8 


16-7 23-1 


28-5 


37-6 


44-5 


60 


58-3 64-4 



CHAPTER XIII. 

THE RELATIVE PROPORTIONS OF THE HEATING SURFACES IN 
THE ELEMENTS OF THE MULTIPLE EVAPORATOR AND 
THEIR REAL DIMENSIONS. 

In Chapter X. we have found the ratios of the evaporative 
capacities (not the real quantities of steam evolved, which are some- 
what larger in consequence of self-evaporation) of the separate vessels 
of the multiple evaporator. These ratios were found to vary with the 
fall in temperature in each vessel, and with the extent to which the 
liquid is to he concentrated, but not to deviate far from a certain 
average value even in the most extreme cases. These mean evapora- 
tive, capacities were (p. 86) : — 

In the double effect - I>^\d^^\\ 1045. 

In the triple effect - - D^ : ^g • (^s + 0-3) = 1 : 1-0075 : 1-138. 

In the quadruple effect - D^ : d,^ : (d^ + 0-3) : {d^ + (r^ + XJ 

= 1 : 10055 : 1109 : 1196. 

Let J?i, H2, jETg and H^ be the heating surfaces in sq. m. ; 0^^, $„,^, 
0,^ and 0^^ the mean differences in temperature between steam and 
liquid ; k^, k^, k^ and k^ the coefficients of transmission (which depend 
upon the viscosity, the pressure of the steam, the shape and nature 
of the heating surface and all the other conditions) ; and c the heat of 
evaporation of 1 kilo, of steam. Then if the first vessel evolves D^ 
kilos, of steam, 

and the heating surface required by the first vessel is 

ffi = ?f (101) 
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Thus, for the quadruple efifect, according to the above, 
1 : 10055 : 1*109 : 1196 

Cj ^2 Cg C^ 

and consequently 

t'tiil'*'! t'm2"'2 *'»m3'*'3 *'tM'*4 

If now we assume the different values for c^, c.^, Cg and c^ to be 
equal, although they may vary from 637 to 618, thus producing only 
a slight inaccuracy, and, further, if we put H^ — 1 and Ar^ = 1, ex- 
pressing the values of H and k for the other vessels as fractions, 
since we are now only determining the ratio of the heating surfaces 
to one another, then 

and the ratio of the heating surfaces to one another is 

H^ H^ H^ H^ ^,«2**2 ^m3**8 ^m4<*4 

If the ratio to one another of the coefficients of transmission, A*, 
were known, the proportions of the heating surfaces could be 
calculated from equation 104, assuming the desired temperature 
differences in each vessel. 

The coefficients of transmission i A*, are, however, not known, they 
depend upon the thickness of the liquid, the construction and details 
of the apparatus, the completeness with which the air is extracted, the 
diameter of the heating tubes, whether the steam is in or outside the 
tubes, on the absolute size of the heating surface, its cleanliness, and 
finally upon the effective pressure of the heating steam in each vessel. 
For, whilst steam at a pressure of 1 atmos. or more strives rapidlj' 
to counteract the diminution in pressure produced by condensation 
on the heating surfaces, and passes over the surfaces, steam at a 
low pressure is little inclined to do so, and rests more sluggishly in the 
steam space. It is often drawn ofif by the air-pipe in order to conduct 
it more rapidly over the heating surfaces. 

All these different conditions make the coefficient of transmission 
different .for each apparatus and each vessel. At the present time 
sufficiently accurate estimations of the coefficient for actual apparatus 
are wanting. Occasional observations made on apparatus in use are 
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rarely quite satisfactory, since the instruments (thermometers, 
Tacnum gauges and more rarely hydrometers) are frequently not quite 
correct (Zeits. angew. Chem., 5th December, 1899), and because the 
influence of the incrustations actually present is unknown. If we 
give here the coefficients of transmission calculated from a number of 
such observations, it is from necessity, with all reserve, and merely 
with the object of obtaining a rough representation. 

From experiments made by Dr. H. Claassen on a triple effect 
evaporator of a sugar works (Zeits. des Yer. fiir Biibenzucker- 
Industrie, March, 1893), and from other observations made in similar 
factories, the following ratios of the transmission-coefficient for sugar 
juices have been calculated : — 

Vessel I. XL III. IV. 

Double effect - - - 1 : 0-66 — — 
Triple effect - - - - 1 : 0-70 : 0-33 — 
Quadruple effect - - - 1 : 091 : 0*75 : 065 
If these figures were to some extent reliable for average conditions,, 
and if the same temperature difference were desired in all the vessels,^ 
then the heating surfaces would be in the ratios (Equation 104) : — 
In the double effect 



. , 1 045 
• 0-66 
In the triple effect 



1 : 1-58. 



1.^:0075. 1:138 _, 
• 0-70 • 0-33 - -^ • ^ ** • ^ *^*- 

In the quadruple effect 

. . 10055 . 1109 . 1196 , 1 in;c 1 .Q o i.,« 

Similarly, if it were desired to make the heating surfaces of all the 
vessels of equal dimensions, then the differences in temperature (fall 
in temperature) would be in the ratio just calculated for the heating 
surfaces. 

Example.— It the total available difference in temperature is 50° C, the 
following dififerences in temperatures for each vessel would be at once deduced 
from the above ratio, if the heating surfaces of the apparatus were equal : — 
Vessel - - - - I. n. ni. IV. 

Double effect - - 19-3'' 80*7° — — 

Triple effect - - - 8*56° 12*31° 29-18** — 

Quadruple effect - - 8*68° 9*69* 11'846° 18-88° 

8 
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Since thick sluggish liquids, such as are contained in the later 
vessels, and especially in the last, are only brought by considerable 
differences in temperature into violent ebullition and hence to a rapid 
absorption of heat, it is certainly more advisable, if the last heating 
surfaces are to work effectively and consequently also the first, to in- 
crease the differences in temperature (and not the heating surfaces) in 
these (later) vessels. It is always preferable to make the later vessels at 
the most as large as the first and perhaps even to make them somewhat 
smaller. In no case, however, should the heating surfaces of the 
later vessels be made larger than those of the first, if there are not 
special reasons to the contrary. 

For convenience in manufacture and erection all the vessels may 
be made of the same size, but then sufficient heating surface must be 
added to the first vessel to raise the cold liquor entering it to the 
temperature of this vessel. When extra steam is to be taken from 
one vessel or more, this vessel must be given as much more heating 
surface as is necessary for the production of the extra steamy and 
then the corresponding increase must be given to the heating surfaces 
of the earlier vessels. 

Example, — From 1250 litres of liquor (assumed to weigh 1250 kilos.) 1000 
litres of water are to be evaporated in a quadruple effect evaporator. The initial 
temperature of the liquor is 30° G. below the temperature of boiling in the first 
Tessel. From each of the first and second vessels 100 kilos, of extra steam are to 
ibe taken. 

In order to heat 1250 kilos, of liquor, the specific heat of which is 1, through 

30° 0., 1250x30=87,500 calories must be communicated to it in the first vessel, 

37 500 
«.«., as much heat as would be required to evaporate * = 70 kilos, of water. 

Further, 100 kilos, of extra steam are to be taken from the first vessel, which 
quantity also must be conveyed to it. 

If the second vessel is also to give 100 kilos, of extra steamy for that purpose 

there must, according to Table 17 (double effect, evaporation to J), be developed in 

100 
the first vessel j^^j^ = 96-96 kilos, of steam. 

Through extra steam and the evaporation thereby necessitated, 100 + 100 + 
96*96 = 296*96 kilos, of water are taken from the liquor, and there remain 
1000 - 296*96 = 708*04 kilos, to be evaporated regularly ui the quadruple effect. 

The single vessels evaporate this, according to Table 17 (p. 85), in the ratio, 

1 : 1-16 : 1*215 : 1*375 (total = 4*75). 

703*04 
Since . _- = 148, the single vessels must evaporate 

4*70 

148: 171*68: 179*82: 208*54. Total, 703*04 kilos, of water. 
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Thus the actual work done by each vessel must correspond to the evaporation 
of the following quantities of water : — 

In heating the liquor 70 — — — kilos. 

For extra steam - - 100 — — — „ 

For „ - - 96-96 100 — — „ 

Regular - - - 148 17168 179-82 208-64 ». 



Total, 



Totals - - 414-96 271-68 179-82 203-54 „ 1070-00 kilos. 

The self-evaporation in the second vessel of the quadruple efiEect, which we 
must consider here in regard to the production of extra steam, for 100 litres of 
liqaor (i.0., for 75 litres of water), lb 8, = 1-77 kilos, (p. 85), 

4.U . *!.• 196-96 X 1-77 ^ ^^o I -I 
thus in this case =^ = 4*648 kilos., 

and in the quadruple effect (regular evaporation), for 100 litres of liquor (p. 86), 

«j = 1-77, Sj = 1-46, S4 = 2-86, 
ihxkB in this case 

s, = 'm^^ = lS-SO, ,, = Z^:2yLii? = 13-68. 

^^^ 70804 X 2-86 ^^^.^^ 

The evaporation to be effected by the heating surfaces is thus 
414-96, 250-70, 166-14, 181-52 kilos. 

We may now correctly assume, in order to obtain greater differences of 
temperature in the later vessels, as we have also done in deducing the co- 
efficients, k, from the experiments, that 1 sq. m. of heating surface has almost 
the same efficiency in each vessel. Then the later vessels can undertake the greater 
evaporation, laid upon them by the nature of the conditions, by reason of their 
greater fall in temperature. The effective capacity differs in different evaporators 
according to construction and circumstances. If we assume for the preceding 
case that each sq. m. of heating surface can develop 20 kilos, of steam per hour, 
then the following heating surfaces are indicated : — 

70 
Vessel I. For heating, ^ - - - - ^ 8-5 sq. m. 

For the development of 100 kilos, of 

extra steam, -—-■ - - - = 6 „ 

20 

For the 96*96 kilos, of steam re- 
quired to produce extra steam 

in vessel n., ?^ - - - = 4-848 „ 

For the regular evaporation of the 

quadruple effect, -^ - - = 7-4 „ 

Total ... - 20*748 „ 
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Vessel II. ^ + ^ =12-64 sq. m. 

Vessel III. ^ = 8-32 „ 

Vessel IV. i^ = 9-76 .. 

Total - - . . 51-368 „ 

The weight of water, which 1 sq. m. of heating sarfaoe evaporates 
in one hour in the mnltiple-effect evaporator, cannot be stated as 
universally applicable, since it varies greatly on account of all the 
reasons previously given, which cannot be expressed in calculations. 
It is therefore necessary to take the figures of practical experience. 
Ordinary vertical evaporators, with brass heating tubes of 1000 mm. 
length and over, evaporate from liquids which present no obstacles to 
evaporation : — 

In the single effect : 70-80 litres of water per 1 hour and 1 sq. nu 

In the double effect : 30-36 „ „ ,, „ „ 

In the triple effect : 20-26 „ „ „ „ „ 

In the quadruple effect : 18-21 ,, „ „ „ „ 

The same apparatus with the liquor at a low level : about 10 per 
cent. more. 

Apparatus with wide horizontal heating tubes : the same. 

Apparatus with narrow horizontal heating tubes : about 15 per 
cent. more. 

Iron heating tubes decrease the evaporation by 10-15 per cent., 
chiefly on account of the greater incrustation. 

Apparatus, in which the liquor flows in a thin film over the heating 
surface, does not evaporate more than that in which the Uquor stands 
at a low level. 

Many liquids evaporate with difficulty, the amount of evaporation 
from 1 sq. m. of heating surface is then very much less. 



CHAPTER XIV. 

THE PRESSURE EXERTED UPON FLOATING DROPS OP WATER 
BY CURRENTS OP STEAM AND AIR. 

liABGEBor smaller quantities of evaporating liquids, and in particular 
drops, are always thrown above the bubbling surface. The current of 
steam, rising along with the drops, exerts on them a driving or lifting 
force, to such an extent that they frequently rise very high in the boil- 
ing pans and may even be thrown out, thus giving rise to loss, which 
might be avoided. 

Finely divided jets or sprays of liquid, upon which the current of 
gas or vapour, intentionally or naturally produced, exerts a moving 
action, are often intentionally produced in condensers and cooling 
apparatus. 

The nature of this action must be known, in order that apparatus 
may be suitably constructed with regard to it. 

The action of a current of steam upon drops is due to the pressure 
it exerts upon them. This pressure depends upon the velocity of the 
•urrent and the density of the air or steam. We shall therefore en- 
deavour to ascertain the action of gas and steam of various densities, 
velocities and directions, upon drops of different sizes. 

It must be definitely stated, that, in consequence of the want 
of exact research on this subject, the following considerations are 
based upon certain experiments not made under quite our conditions 
(Grashof, Theoretische Maschinenlehre, Bd. I.), and on certam in- 
complete observations of the author's, and must therefore be regarded 
as only tentative. 

The pressure, which an unbounded current of steam, moving with 
a velocity of not more than 10 m., exerts upon a plane surface of 0*1 
to 4 sq. m. at right angles to its direction, is : — 

D^^.y,.Q.^ (105) 
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where D » the pressure in kilos., 

Q — the plane surface in sq. m., 

y, s the weight of 1 c. m. of air in kilos., 

V "= the relative velocity between the air and plane in 

metres, 
g = the acceleration of gravity (9*81), 
^ = a numerical coefficient. 

This coefficient is, according to Grashof, dependent upon the size 
of the surface and is : — 

Forsurfacesof Q»0*1 0*25 0*5 1 2 4 sq. m. 
^ = 1-86 204 216 2-34 2-61 2-69 

The same values hold good for the pressure of moving water upon 
a plane surface. 

For spheres of 100-200 mm. diameter, which move in water, 
according to Piobert, Hutton, Borda (Orashof), in the mean, 

^/r = 0-54 (106) 

According to experiment of Didion with spherical projectiles, of 
120-150 mm. diameter, moving very rapidly through the air, 

^if - 0-43(1 -H 00023 v) (107) 

which would give for velocities of 10-50 m. a mean value of 
^ = 0-4597. 

Now ^ decreases with decreasing surface, and hence for plane sur- 
faces smaller than 0*1 sq. m. would be considerably less than 1*86. Also 
the coefficients for air and water have been found to differ little. We 
shall therefore take for the estimation of the pressure which air exerts 
upon drops of water, 0*25-10 mm. in diameter, the value ^ » 0*6, 
believing that this figure is quite on the safe side. 

The pressure of air upon floating drops would accordingly be 

D = 0-6y,.(?.| (108) 

whence / 2P</ ^.„„, 

""Vo^Tg <'°^^ 

We shall assume that these equations also hold good for gases and 
vapours, heavier or lighter than air, when the weight of 1 cub. m. of 
these gases is inserted for yi, although we believe, reasoning from 
known facts, that in reality the pressure of currents of air upon drops 
is less than that calculated from equations (108) and (109). 
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A drop of liquid is spherical when foroes act upon it evenly ; but 
when nnequal pressures are exerted upon it, as by currents of air and 
steam in one direction, it is flattened upon the side on which the 
pressure is exerted, thus its diameter will be somewhat increased. 
This circumstance, which is beyond a simple calculation, must be 
neglected, though it increases the pressure upon the drop, i.e,, a 
smaller velocity is required to make the pressure upon the drop equal 
to a given fraction of its weight. 

Table 23 has been calculated by means of equation (109), it gives 
the velocities, which currents of carbonic acid, air, and steam at 
lOO^'-lO" G. must have, in order to exert upon drops of 0*1-10 mm. 
diameter pressmres equal to, and double, their weight. In the case of 
drops of liquids lighter or heavier than water, these velocities will be 
less or greater; they may be calculated in each case by means of 
equation (108), putting for D the weight of a drop of the particular 
Uquid. 

Table 23 is to be used with caution, for probably the velocities 
really necessary in order to exert the pressures, G and 2(r, are greater 
than are given. However, two conclusions may be drawn : — 

1. The smaller the drop of water, the smaller is also the velocity of 
the current of steam which exerts a pressv/re upon it eqtuil to its own 
weight. 

2. The lower the pressure of the air or steam, the greater must be 
the velocity to exert a pressure eqvM to the weight of a drop. 

Or, in other words, with increasing pressure and velocity of the 
current of air or steam, the danger increases that floating drops will 
be carried away with it. 

The volume of the steam and also its velocity in the same section 
of the apparatus increase approximately in simple proportion with an 
increase in the vacuum (i.e., approximately in inverse proportion to 
the absolute pressure). The pressure upon the drop, and hence the 
danger that it will be carried away with the steam, increase, however, 
with the square of this velocity. 

From these facts the conclusion follows : that the sections of the 
apparatus, in which floating drops of water are not to be carried away 
by the current of steam which meets them, must always be determined 
for the greatest vacuum to be expected {i.e., for the lowest possible 
pressure expected). 
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Table 23. 

The velooities of currents of oarbonic acid, air and steam of difPerent 

water, 0*1-10 mm. in diameter, equ€U 



Diameter of the drop in mm. - 
Volmne of the drop in cub. mm. 




0-10 


0-25 


0-60 


- 


00005233 


0-00819 


0-0655 


Section of the drop Q in' mm. - 

TXT • „'L i. y^ • 1 • 1 


- 


0-00785 


0-049 


0-196 


x>^i:^. Weight Gmkilo. 
*^*'^- Surface ="0 in Bq.m.' 


- 


0-0666 


0168 


0-334 


2Pg 
0-6 g 


- 


2-1778 


5-493 


10-922 


The 


velocity of the current of gas or steam when 


Carbonic acid at 0'' C, y == 1-873 


1 atm. abs. 


1-04 


1-66 


2-35 


Air at 16° C, y = 1225 


*i 


1-33 


211 


2-98 


Steam at 100° C. y = 0-6059 


Vacuum. 


1-89 


3 


4-24 


90° C, 7 = 0-42829 


235 mm. 


2-25 


3-6 


5-01 


80° C, y = 0-29682 


406 „ 


2-71 


4-8 


607 


70° C, y = 0-19928 


627 „ 


3-3 


5-2 


7-4 


60° C, 7 = 0-13114 


612 •„ 


4-08 


6-44 


91 


50° C, 7 - 008336 


668 „ 


5-19 


8-1 


11-4 


45° C, 7 = 006676 


689 „ 


5-74 


91 


12-8 


40° C, 7 = 005119 


706 ., 


6-5 


10-3 


14-59 


35° C, 7 = 0-03975 


720 „ 


7-4 


11-74 


16-56 


30° C, 7 = 003086 


729 „ 


8-4 


12 


18-8 


25° C, 7 = 002820 


787 „ 


9-6 


15-86 


21-7 


20° C, 7 = 001753 


743 „ 


111 


17-69 


24-96 


15° C, 7 = 0-01319 


747 „ 


12-8 


20-4 


28-70 


10° C, 7 = 0-00961 


754 „ 


16-1 


24 


33-5 


The ve 


locity of the ( 


current of g 


M or steam 


when its 


Steam at 100° C- 


1 atm. abs. 
Vacuum. 


2-67 


4-2 


6 


90° C- 


236 mm. 


3-18 


51 


7-14 


80° C- - - - 


406 „ 


3-82 


61 


8-6 


70° C. - 


527 ,. 


4-68 


7-4 


10-4 


60° C- 


612 „ 


5-70 


91 


12-9 


50° C- - - 


668 .. 


7-35 


11-4 


16-18 


45° C- 


689 „ 


812 


12-9 


18.2 


40° C- -* - 


706 „ 


9-2 


14-6 


20-6 


35° C- 


720 „ 


10-4 


16-6 


28-4 


30°C.- - - - 


729 ., 


11-8 


170 


26-60 


25° C- - - - 


737 „ 


13-7 


21-7 


30-61 


20° C. - 


743 „ 


15-78 


25 


36-7 


15° C- 


747 „ 


1816 


28-8 


40-8 


10° C- 


751 „ 


21-35 


32-5 


46 
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Tablb 23. 

pressures, at which these substances exerts pressures upon drops of 
to, and cUmblef the weight of the drop. 



1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


0*525 


4-2 


14-16 


33-6 


65-4 


113 


179 


271 


382 


525 


0-785 


3-14 


7-1 


12-6 


19-6 


28-3 


38-5 


60-2 


63-6 


78-5 


0-668 


1-337 


2-0 


2-666 


3-336 


4-0 


4-65 


5-4 


6-0 


6-688 


21-844 


43-71 


65-4 


87-17 


109-08 


130-8 


152-06 


176-58 


196-2 


218-69 


itspm 


eoieis 


to bee 


qual tot] 


le weight of the drop. 








3-31 


4-69 


5-74 


6-68 


7-41 


8-12 


8-77 


9-38 


9-95 


10-6 


4*22 


5-95 


7-3 


8-42 


9-43 


10-3 


11-1 


11-9 


12-6 


13-3 


6 


8-48 


10-3 


12 


13-4 


14-66 


15-84 


17 


18 


19 


7-14 


10K)9 


12-3 


1414 


15'96 


17-46 


18-84 


20-2 


21-4 


22-6 


8-6 


12-12 


14-8 


17-18 


19-2 


21 


22-67 


24-4 


26-7 


27-2 


10-4 


14-78 


18-1 


20-9 


23-4 


25-6 


27-63 


29-6 


81-3 


33-1 


12-9 


18-24 


22-3 


25-9 


28-86 


81-57 


84 


86-8 


88-4 


40-8 


16-1 


22-89 


28 


82-2 


36 


39 


42-7 


46 


48-5 


61-2 


18-2 


25-80 


31-6 


36-3 


40-8 


44 


48-1 


51-6 


54-2 


57-7 


20-6 


29-2 


35-5 


42 


46-2 


50-5 


54-5 


69-7 


62 


65-4 


23-4 


33-5 


40-5 


47 


52-4 


67-2 


61-85 


66-70 


70-2 


74-2 


26-6 


38 


46 


53-2 


59-5 


65 


70-2 


75-7 


79-7 


84-2 


30-61 


43-2 


53-2 


61-2 


691 


75 


80-95 


87-5 


91-8 


97-1 


86-7 


50 


611 


70-6 


78-9 


86-5 


93-3 


100 


105-8 


112 


40-8 


57-8 


70 


81-5 


91 


99-5 


107-2 


114 


121-8 


128 


48-0 


68 


83 


96 


106-7 


117 


126-4 


186 


143-5 


156 


pressni 


re is to 


beequi 


il to doub 


le the we 


Lght of th 


e drop. 








8-48 


12 


14-6 


16-97 


18-97 


20-76 


22-38 


241 


25-4 


26-8 


10-09 


14-14 


17-4 


20-2 


22-58 


24-7 


26-64 


28-7 


30-2 


32 


12-12 


17-18 


21 


24-08 


27-1 


29-7 


82 


84-2 


36-4 


38-4 


14-78 


20-9 


25-6 


29-59 


33 


36-8 


89 


42 


43-4 


47-2 


18-24 


25-8 


31-6 


36-4 


40-08 


44-8 


481 


52 


54-3 


57-7 


22-9 


32-2 


39-2 


45-6 


511 


54-6 


60-4 


66 


68-5 


72-4 


26-7 


36-3 


44-7 


51-6 


57-7 


63 


68 


78-2 


77-5 


81-6 


29-2 


42 


50-5 


58-5 


65-3 


71-8 


77 


83-9 


87-5 


92-4 


33 


47 


57-3 


66-6 


74 


81 


87-5 


94-2 


99-5 


104-8 


37-4 


53-2 


65-2 


75-4 


84 


92 


99-75 


107 


112-6 


118-7 


43-3 


61-2 


76-3 


86-7 


97 


106 


114-4 


123 


130 


187-0 


60 


70-6 


86-5 


100 


111 


122 


131-9 


141 


149-6 


158 


57-5 


81-5 


99 


114-8 


128 


140 


151-6 


168 


172-3 


182 


67-5 


96 


117 


135-6 


151 


166 


178-8 


193 


203 


220 



CHAPTEE XV. 

THE MOTION OP FLOATING DROPS OF WATER UPON WHICH 
PRESS CURRENTS OF STEAM. 

A. Vertical Currents of Steam upon Falling Drops. 

We shall first enquire what upward pressure a current of steam may 
exert upon falling drops without carrying them with it. 

When a drop is loosened from a fixed point in a vacuum and falls, 
its velocity, v, after the time, t, and the height, A, through which it 
has fallen, are obtained from the well-known equations, 

v^gt=j2gh, h = \gt^ = ^, «=^ = ^. . (110) 

in which g is the attraction of the earth = 9*81. 

Since the attraction of the earth imparts a very small velocity to 
the drop in the first moment, and in the second, third, etc., moments 
adds a second, third, etc., equally small velocity to the first, the 
total velocity increases uniformly, and is, after one second, 9'81 m., 
after the second second 2 x 9'81 = 19*62 m., etc. 

The velocity of the fall attained after the first second, known 
as the acceleration of gravity, is generally symbolised by ^ ; ^ = 9*81 m. 

Any constant pressure exerted upon a drop in any other direction 
naturally gives it an accelerated motion in that direction, and this 
acceleration is directly proportional to the pressure, since the mass of 
the drop remains the same. If the constant pressure of the gas or 
steam is equal to the weight of the drop, then the acceleration, which 
it imparts to the drop in its direction of action, is also equal to the 
acceleration of gravity, g = 9*81 m. A pressure on the drop, x 
times as large as its weight, communicates to it in its own direction 
an acceleration x times as great as gravity. 
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Thus if the pressure be known, which a current of aur or steam 
exerts on a drop, the acceleration which this pressure imparts is also 
known. If the weight of the drop is G, and the pressure D, then the 
acceleration due to the pressure is 

D 

Now that this is clear, we may follow the motion of the drop^ 
when the known pressure is exerted upon it in its direction of motion, 
in the opposite direction, or at an angle. 

We shall take for consideration those cases which may occur in 
evaporators and condensers, in order to obtain from the results & 
basis for calculating the dimensions of these pieces of apparatus. 

If a drop is falling vertically in a uniform current of steaift, which 
is ascending vertically, and the pressure of which upon the drop is 
less than the weight of the drop, the fall takes place with increasing 
velocity, but decreasing acceleration, until the sum of the velocities of 
the steam, v^, and of the drop, Vt, causes a pressure upon the drop 
which is equal to its weight. The sum of the two velocities, Va-h Vt = 
V, may be calculated from equation (109), and may be obtained from 
Table 23 for steam of known pressure and velocity. Then the 
velocity of the drop alone at this moment is immediately obtained 
by subtraction, v^ = t? - v^, so that v^ and Vt are then known. 

The height of fall of the drop, at the moment in which the 
opposing pressure is equal to its weight, is obtained from the 
equation Vf = J^g^hj in which g^ is variable. 

If the pressure of the steam upon the drop at the top of the fall 
is D and at the bottom G, then g^ alters during the fall from 

G - D ^ G ^ G ^ 

9i Q—9 to g^ = —^ -g = 0, 

and in fact according to a function of v. Although it is not quite accu- 
rate, yet a tolerably correct representation is obtained by assuming that 

the mean value of g^ is ^ ZJ^ 9' Whence we find that the height, K 

through which the drop must have faUen in order to attain its 
greatest velocity is 



2G 



'9 
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If the drop has fallen so far, it will theoretically continue falling in 
the uniform current of steam at a uniform velocity without accelera- 
tion ; as a matter of fact, friction will influence this velocity. 

If the velocity of the current of steam which meets the falling 
drop is not regular, hut is large below and zero at the point from 
which the drop starts, thus diminishing from below upwards, then 
the height, to which the drop must fall in order to attain its greatest 
velocity, is found from the law according to which the speed of the 
current of steam decreases, and the distance through which the 
decrease takes place. 

In opposite cwrrent condensers this distance is equal to the height 
of the condensers from the steam entry to the water distributor. The 
decrease in velocity is irregular, being slower above than below ; it 
follows approximately the law given in Chapter I. But all the factors 
of influence can only be introduced hypothetically into the calculation, 
which is therefore omitted, especially since the results are not of great 
practical importance. There is no great deviation from the truth if 
we assume that the height of fall of the drop until it attains its 

greatest velocity is ^ = ~. 

The drop falls with increasing velocity in the opposing current of 
steam, and reaches its greatest velocity at the point where the 
opposing pressure is equal to its weight; then its motion becomes 
slower and slower, until it reaches the point at which the opposing 
pressure of the steam, i>, alone is equal to double the weight of th^ 
drop, *.c., at which D = 2G. With a uniformly increasing velocity 
of the steam this would be at the distance, 2^, from above. Here the 
velocity of the drop becomes = 0, but the pressure of the steam at 
once carries it up again. Its upward velocity now increases, and it 
finally oscillates about the point, at which the pressure of the steam is 
equal to its weight, where it may come to rest. 

Although this representation of the process is not quite exact, 
since the velocities of the steam and the drop in the opposite current 
eondenser are in a complicated relation to one another, and the con- 
densation, the friction and the presence of thejmany other drops 
considerably affect the movements, yet it gives an approximate picture 
of the motion of the drops and allows two important conclusions to be 
drawn. 
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1. The condensation in an opposite current condenser must always be 
so conducted that all the steam, at the furthest, is liquefied at the water 
distributor ; for if steam is still present here, there unll still be currents of 
steam, and the possibility that drops may be carried out of the con- 
denser. 

2. The speed at which the steam enters an opposite current con- 
denser {without steps), aught never to be so great that it can exert a 
pressure equal to double the weight of a drop of water. If the condenser 
has several steps the velocity of the steam ought only to exert a pressure 
somewhat greater than the single weight of a drop. 

In the parallel cwrrent condenser the current of steam enters at 
the top, along with the falling drops of water, and follows their direc- 
tion; it therefore exerts a pressure on them when it moves more 
rapidly than they fall, which is almost always the case. Consequently 
the drops fall faster — ^they more quickly reach the lower part of the 
condenser — their time of fall is less than when they fall free. 

Since the velocity of the steam diminishes to zero towards the 
bottom, but the speed of fall of the drop increases towards the 
bottom, the accelerating action of the steam is not very great. It 
rarely increases the velocity of the drop by more than one quarter. 

The jet» and sheets of water present in all condensers are very 
much less influenced by the steam currents, it may be because these 
currents meet them sideways. 

B. Horizontal or Inclined Steam Currents meet Falling Drops. 

When a current of air or steam moving in a horizontal direction 
strikes a drop of water falling vertically, the latter is deflected from 
its vertical path. If the side pressure upon the drop begins from the 
same moment as its fall and is equal to its weight, then the drop 
falls at an angle of 4tS* with the horizon, since the horizontal acceler- 
ation is equal to the vertical. With a lower pressure the angle is 
more obtuse, with higher pressures more acute. 

If the horizontal pressure is several times greater than the weight 
of the drop, the direction of fall may approach very nearly to the 
horizontal, but can never rise above the horizontal, since the forces 
act only from the side and downwards but never upwards. 

Should the drop already have fallen vertically through a certain 
distance before the side current meets it, the deviation is considerably 
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less, sinoe now in equal intervals of time the vertical velocity is 
greater than the horizontal. The danger that the drop will be carried 
with the side current is therefore less. The connection can be seen 
more clearly from the annexed Fig. 12, than it could be made by 
many words. 




Fig. 12. 



If the direction of the current of steam is inclined upwards at the 
angle a towards the horizon, then the drop of water will still fall 
below the horizon if the pressure of the side current, D, is less than 
G 



sin a 
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If D is less than G, the drop cannot be driven upwards at any 
angle; it alwajrs falls downwards. 

If the side pressure, D, is equal to the weight of the drop, O, the 
drop falls downwards when a is less than SO*'. When a => SO*' (i.e., 
sin a s 1) the drop is kept exactly in its place. 

If D be greater than G, the danger that the drop may be carried 
upwards occurs even with small values of a. When D is 1*25, 1*5 or 
2-0 times as great as G, the angle which the ctirrent of steam may 
make with the horizon upwards, may not be greater than 



[-> 



sin a = G^, 



1-25 G sin a = 
1 1 



G, sin a 



l'25j 



a-53^ 4r or 30^ 



Table 24. 

The velocities of the currents of gas and steam, which, acting upwards 
at an angle of 30'', 45'' or GO*' on floating drops, drive them in a 
horizontal direction. 



Oarbonio acid 
s = 1-529 
7 = 1-873 



Air 



s»l 
7 = 15 



^0 = 30° 
[a = 46' 
Ja = 60° 

^a = 30° 
[a = 46° 
Ja = 60° 



Steam at 100° G.^ a » 30'' 
8 = 0-6233 [a = 45° 
Ja = 60° 



7 = 0-6059 



Diameter of the drop of water in mm. 



01 0-25 0-5 1 2 



8 9 10 



Velocity of the current of gas and steam in m. 



1-48 
1-24 
1-12 

1-82 
1-62 
1 



2-3 

1-98 

1 



802 



3-86 4-78 
01 
563-64 



2-91 

2 

2 



433 



223 



4-12 



2-6 

2-1813-404-967 

1-85 



4-16 
45 
16 



5-87 
4-96 
1-964-21 



5-89 
4-92 
4-44 



8-34 

04 

5-99 



6-78 

6 

5-27 

8-36 
6-99 
6-39 

11-84 
10-0 
8-61 



8-42 
6-98 
6-34 

10-26 
8-67 
7-83 

14-5 

12-26 

10-43 



9-61 
8-09 
7- 

11-86 
9-91 
906 

16-79 

14-1 

11-98 



10-74 
9-00 
8-18 



11-8 
9-9 
90 



13-24 
11-06 
10-11 



18-75 
16-83 
13-04 



14-60 

11-061216 

11-12 



20-6 

17-4 
14-8 



12-66,13-79 

10-6411-48 

9-67!l0-44 

16-65 16-87 
13-0014-10 
11-95 12-90 



21-8 
18-7 
15-9 



19-18 
1717 



14-45 

12 

11-0 



1012 



17-80 
15-00 
13-62 

25-23 
21-31 
18-1 



15-22 
77 
11-61 



18-78 
17-44 
14-82 

26-67 
22*46 
19-04 



In Table 24 are given the velocities of currents of carbonic acid, 
air and steam (the latter at lOO"* C), at which, striking upwards at 
angles of 30°, 45° and 60° upon drops just beginning to fall, these 
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currents cause the drops to deviate into the horizontal direction. 
Thus if such currents are not to carry drops up with them, they 
should be given smaller velocities than those in the table. 

A special case is that in which a drop^ just falling from an edge, 
is met by a current moving in a circle round this edge. In this case 
too, D should not be greater than G, if the drop is not to be carried 
upwards. 

Since the distance traversed by drops in apparatus is never very 
great, and their velocity is generally high, it follows that the time 
during which the drops move freely is usually very brief. Thus it 
often happens that before the pressure of the steam can materially 
deviate the course of the drop, it has arrived safely at its destination. 

The cases just treated occvnr m dry opposite-current condensers with 
horizontal or inclined diaphragms. We learn that the sections between 
the diaphragms mv^t he made so large, that the pressure exerted upon 
the drops by the velocity of the steam cam, never exceed their weight. 

C. A Vertical Current of Steam meets a Drop thrown 
Obliquely. 

In Heckmann's froth separator, Ger. Pat. 70,022 (Fig. 13), two 
other cases occur. The drops are thrown from the froth-plate either 
horizontally or at a downward angle and the current of steam generally 
meets them from below. 

If the drop flies horizontally from the froth-plate, its weight draws 
it downwards and it falls through the space, jy, in the time, L 

»/ = |<* • • (112) 

The pressure of the current of steam from below forces it upwards, 
and it rises in the same time, t, through the space. 

«,-^2^* (113) 

The vertical path is therefore 

-"-'-i"-U--'4{'-^- ■ ■ p») 

If ^ = 1, then « = 0, ».«., when the upward pressure is equal to 
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the weight of the drop, the latter continues in the horizontal direction 
without deviation upwards or downwards. If the pressure D is greater 
than G, the drop is carried upwards by the current of steam ; if the 
pressure is smaller, the drop falls slowly downwards. 




O O 00 




OOOQO(1)OOQO<OQOOOQOCQ 






Fig. 13. 

If, in consequence of the shape of the foam-plate, the drop 
acquires a motion inclined downwards to the horizon at the angle 
<x, and the velocity c, whilst a current of steam acts upon it vertically 
from below with the pressure D, the drop describes the downward 
space, «^, in the time, t, in consequence of its original velocity. 

«^ = c^ sin a (115) 

The path downwards, due to the earth's attraction, is 

s^=igt^ (116) 

The path upwards, due to the current of steam, is 

It8 total movement from the horizontal is therefore 

«-«, + «,- «4-c<8mo + Jj<« - g|<«. . . (118) 

°' s=ctBma + igt^(l -^ (119) 

9 
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Equation (119) indicates that the curve, in which the drop moves 
downwards, is a parabola ; we shall, however, assume now for the 
sake of simplicity that the path is a straight line, from which, as a 
matter of fact, it deviates but little in the portion considered. 

From equation (119) it is also seen that, when the pressure of 
the steam current D from below is less than the weight of the drop, 
the latter falls below the direction in which it was thrown off, and 
that when Z> == G, it moves in that direction, i.e., at the angle a with 
the horizon. 

If D is greater than G, the drop will be carried on to the wall of 
the apparatus above the direction at which it was thrown off. If it 
is assumed that it rebounds at the same angle as that at which it hit 
the wall, and is now carried on the rebound by the upward current 
of steam to the same extent as before, this direction of rebound must 
not lie above the horizontal if the drop is not to be carried away 
upwards. 

The pressure from below should thus at most have the effect of 
raising the drop through half the angle of inclination of the plate 



/that is, by |j. 



Then ^ . a .-^^. 

s = ct cos a tan ^ (120) 

"Now Srf = S» + 5/ - s, 

therefore ^Q^o i - . 9*^2 * a. ^ /ioi\ 

5rf = ^ 1^ "^ ^^ ®^^ a + 1^^ - ct cos a tan ^ . . (121) 

Hence we obtain the relation between the pressure exerted by the 
steam and the weight of the drop : — 

^ - 1 = -T Tsin a - cos a tan ^j . . . . (122) 

The velocity, c, with which the drops are thrown off from the 
plate is rarely less than 20 m. per second, but is generally 30 m. or 
more. The vessels, in which this separation of drops takes place, are 
rarely more than 3000 mm. in diameter, the distance from the wall is 
thus 1200 mm. at a maximum, since the plate in this case would be 
more than 600 mm. in diameter. The time the drop requires in order 
to reach the wall under these circumstances is given by 

20t = 1-2 
or t = 006 sec. 
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In this time of 006 sec. a drop may fall freely through 18 mm. 

If the plate has an inclination of 10° towards the horizon, then the 

drops flying off in a straight line from it would hit the wall 224 mm. 

below the horizontal. The pressure of the steam from below thus may 

raise the drop (without danger of carrying it away) through : the 18 

mm. through which the attraction of the earth drags it down, and then 

through about half 224 mm., i.e., through 18 + 112 = 130 mm., for which 

*^ 130 

roughly a pressure equal to -^0 = 7 times the attraction of gravity would 

be requisite. 

If the following substitutions be made in equation (122) the results 
contained in Table 25 are obtained : — 

c = 20, 30 and 50 m., 

a = 10°, 

t = 0-06, 003 and O'Ol sec. 

The results indicate how many times the pressure D may be 
greater than G before danger occurs that the drop will be carried 
away. It will be seen that, under ordinary circumstances, a small 
angle, a, is sufficient quite to exclude this danger. 

Table 25. 



t 


c = 20 m. 


c = 30m. 


c = 50m. 


Value of ^ when a = 10°. • 


0-06 
0-03 
0-01 


7-36 
13-70 
39-16 


10-62 
20-00 
48-60 


16-88 
32-72 
86-28 



CHAPTEE XVI. 
THE SPLASHING OF EVAPORATING LIQUIDS. 

A, The Height to which the Splashes rise when the Current 
of Steam acts upon them. 

When liquids are in rapid evaporation, both drops and larger volumes 
are thrown up above the surface. These may then be carried by the 
ascending current of steam, thrown out of the vessel and thus readily 
lost. 

We shall examine to what height portions of the liquid may be 
raised in boiling and under what circumstances losses may occur. 

Three influences affect the motion of portions of the liquid : — 

1. The drops, bubbles and splashes are thrown up with the 

constant velocity, o, by the steam bubbles produced by 
the boiling liquid. 

2. The attraction of the earth draws them down and gives them 

the velocity : t?, = gt, 

3. The current of steam rising from the liquid with the velocity, 

Vay exerts an upward pressure upon the projected portions 
when Va is greater than their upward velocity, o. At the level 
of the liquid the difference in the velocities is v^ - c; 
when the projected portions have reached the highest 
point of their path, at which the velocity is zero, the 
difference in the velocities is v^ - = v^. 

If Va is greater than o, the current of steam acts from below upou 
the drops, bubbles and splashes and increases the velocity of their 
ascent. If v^ is less than c, the current of steam exerts a pressure 
upon them from above and retards the velocity of ascent. 

If we represent the pressure exerted upon the splashes by the 
current of steam, in consequence of this difference in velocity, by 
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P« at the surface and by P« at the highest point, then the mean 

P + P 
pressure is approximately + " — - and the mean acceleration 

P -k- P 
they receive from this pressure is + " ^ '^ . Consequently the 

yelooity imparted to them in the time, t, by the current of steam is 
P -^ P 

The total velocity of the splashes will therefore be 

v,^c-gt + ^""^/'g t (123) 

At the highest point, at which v^ » 0, 

c + ^^'gt-gi (124) 

Thus the time required to reach the highest point is 

'V- -so-) 

The distance described by the drop in the time, t, Le,^ the height 
to which it has risen in the time, t, is 

h.^ct-igt'^ + ?^f (126) 

or 

fe. = |(c + c - 9< + ^^^gt) .... (127) 

If Vt is inserted for the value in equation (123), then 

h. = l{c + v,) (128) 

When Vf- (at the highest point), 



h. = y (129) 



or, inserting the value of t from equation (125), 



c 



.2 



''- - p.^p, <'^> 



H'-'-^) 
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From this equation the height to which drops, buhbles and splashes, 
thrown up from boiling liquids, will rise, can be calculated in all cases 
for which c, P„ and P^ are known. These values must now be found. 

Equation (130) shows that the current of steam will carry drops 
from specifically lighter liquids to a greater height than those from a 
specifically heavier liquid. 

B. The Height to which the Splashes rise when the Current 
of Steam does not act on them. 

We shall next consider the velocity j c, with which, and the height, 
h, to which, portions {not drops) of the evaporating liquid will be thrown 
above its surface, neglecting in the case of these masses the action of 
the rising current of steam. 

1. Steam Heaters, with Vertical Heating Tubes containing the Liquid, 
under Atmospheric Pressure. 

In this case, if the liquid reaches to, but does not cover, the upper 
end of the tube, isolated bubbles of steam are formed on heating 
gently; they rise in the tube, pass above the surface and burst. 
When the evolution of steam increases the steam bubbles form a 
current of steam, which continuously leaves the top of the tube. 

The velocity of the emerging steam is conditioned by its volume 
and the section of the tube. The volume of the steam is, however, 
dependent upon the dimensions of the heating surface (^.e., in this 
case the length and diameter of the tube), its evaporative capacity per 
sq. m., and the pressure of the steam. All these factors may vary 
greatly. 

Now, however, steam does not escape alone from the tube; a 
considerable quantity of liquid accompanies it. When the steam 
evolved in the tube throws the liquid out, more liquid enters from 
below, from which, in its turn, steam is formed, which again carries 
with it the fresh liquid. 

The velocity with which the fresh liquid enters the tube depends 
upon the pressure of the column of liquid outside the tube, the 
internal opposing pressure of the steam (which is generally small) 
and on the specific gravity of the liquid. The greater the height of 
the column of liquid and the density of the liquid, and the lower the 
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pressure in the tube, the greater is the velocity with which the liquid 
enters. 

The pressure of the column of liquid is due to its height outside 
the tube mimes the height of the liquid in the tube. The velocity 
with which the liquid enters the tube at the bottom, and consequently 
also the quantity of liquid carried into the tube, is greatest when the 
tube contains only steam throughout its entire length. This extreme 
case is, however, unusual. The contraction, due to sharp angles and 
the cylindrical form of the tube, causes the theoretical velocity of entry 
not to be quite attained. We shall therefore assume, by analogy with 
vertical jets of water, that the greatest velocity with which the liquid 
enters at the bottom is 

v,^0'Sy/2gl (131) 

where I is the length of the tube in metres. 

The volume of liquid, F„ in litres, which enters at the bottom of 
the tube in one second, is 

= 0-8 >/%^10 

^2d^j2^ (132) 

if dhe the diameter of the tube in decimetres. 

The volume of steam^ in litres, formed in the tube in 1 second, and 
which thus must leave it at the top, is 

dirlwim) 
^* "" 10 X 3600y 

-^litres (133) 

in which w is the evaporative capacity in kilos, per 1 sq. m. per hour. 
Thus the total volume, in litres, which must leave the tube in one 
second, is 

F,= 7,+ F, = 2dVv/%Z + ^ . . . (134) 

The velocity f in metres, with which this volume leaves the tube, is 

4 
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and the height, in metres, to which the liquid would be thr&wn with 
this initial velocity, if no other force acted on it, is theoretically 

f^-^'i 036) 

This theoretical height of splashing is given in Tahle 26; other 
necessary data for its estimation will also be found in the same place, 
viz. : — 

(a) The volumes of steam, 7^, in htres, produced in 1 second in 
tubes of 30, 50, 80 and 100 mm. bore and 1 m. length, when 10, 20, 
30 and 50 litres of water are evaporated by 1 sq. m. of heating surface 
per hour, under atmospheric pressure and vacua of 234, 405, 611 and 
705 mm. 

(b) The volume of liquid, F^, in litres, which enters at the bottom 
of empty tubes of 30, 50, 80 and 100 mm. bore in 1 second, when the 
external pressure of the liquid is 0333, 0*5, 0667, 1, 1*5, 2 or 3 m. 

(c) The calculated velocities, c, with which steam and liquid are 
thrown out of the tubes, when the tubes are 1, 1*5, 2 or 3 m. long. 

(a) When the height of the liquid outside the tube is equal to the 

length of the tube, i.e., when the hydrostatic pressure is 

equal to the length of the tube. 
(P) When the height of the liquid outside the tube is only ^ of 

the length of the tube, i.e,, when the hydrostatic pressure 

is equal to ^ of the length of the tube. 

(d) Finally, in the same table are given the theoretical heights, 
h„ to which the liquid would rise, without regard to the action of the 
current of steam, for all these cases and also for the case that liquid 
stands over the ends of the tubes (denoted in the table by t,c. — tubes 
covered). 

In regard to the last series of figures, it is to be remarked that, 
when the steam and hquid emerging from the tube have to penetrate 
a more or less thick layer of hquid before reaching the surface, they 
have accordingly in proportion to overcome resistance in the layer of 
liquid, the steam bubbles then spread out to the sides and their 
velocity is retarded. 

In heaters with vertical tubes, which generally stand very near 
together, the steam spreads out as soon as it leaves the tubes to such 
an extent that the isolated currents from the single tubes unite into 
one, the section of which is equal to the whole section above the tubes. 
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The distances apart of tubes vary in di£ferent apparatus. The 
distance from centre to centre may be approximately, 
with tubes of 30 60 80 100 mm. bore, 

about 46 66 96 116 mm. 

Thus the ratio of the section of the tubes to the section of the open 
space above them is as 

1 : 2-479 : 1*877 : 1673 : 1608 . . . (137) 

We shall assume that the average ratio is 1:1*746; then the 

velocity of the current of steam above the ends of the tubes is .. .^ 

and the theoretical height of the splashes, without regard to the action 
of the current of steam, is 

The heights of the splashes for evaporating apparatus, in which the 
liquid covers the ends of the tubes, have been calculated by means of 
this equation (Table 26d, denoted by t.c). 

The velocities, c, when the height of the hquid is 1, 1*6, 2 or 3 m., 
are divided by 1*746 in order to obtain the velocity of steam and 
liquid in the larger space above the tubes. The velocity so obtained 
is then squared and divided by 2^ == 2 x 9*81 = 19*32, by which the 
theoretical height of the splash is obtained. 

In the calculation it was assumed that the tubes were quite free 
from liquid ; other retarding influences were also disregarded. The 
presence of liquid in the tubes diminishes the hydrostatic pressure 
and thus the velocity of entry and the quantity of liquid entering. 
The internal height of the liquid is naturally variable; it will be 
larger the more slowly the evaporation takes place. 

Further, the thickness of the liquid and the height at which it 
stands over the plate, in which the tubes end, have been disregarded, 
since both conditions, in the lack of observed figures, cannot be 
introduced into the calculation. 

The quantity of liquid above the plate, which is constantly being 
renewed by the stream from the sides, has also been disregarded in 
estimating the velocity. It somewhat increases the volume, thus 
the velocity, and therefore the height of the splash ; it diminishes the 
height of the splash by absorbing kinetic energy. 
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It is also to be supposed that the vapours, when they become 
free from the somewhat compressed conditions in and over the tubes^ 
expand and by the expansion still further throw up the liquid. 

The height of the splash of the liquid is diminished by the friction 
to which the projected portions of the liquid are subjected, and which 
is disregarded here. 

Thus, although the heights to which the liquid is theoretically 
splashed, as calculated here, cannot be regarded as absolutely exact, 
yet they make clear what conditions influence the height and in what 
manner. 

Table 26 shotvs that the height of the splashes from evaporating 
liquids increases with decreasing diameter and increasing length of the 
tubes, loith the pressure due to the column of liquid, with the evaporative 
capacity of the tube per sq. m. of heating surface and with decreasing 
pressure above the tubes. 

2. Evaporating Apparatus , not fitted with Vertical Tubes , but with 
Flat Bottoins, Double Bottoms, Steam Coils or Horizontal Tubes, 
or Jieated by Open Fire, 

In apparatus of these constructions the section available for the 
escape of the steam is always very much greater in proportion to the 
heating surface than when vertical tubes are used. Whilst with the 
latter the steam space is 1-5-3 sq. dcm. in section (2-2*2 sq. dcm. on 
the average) to 1 sq. m. of heating surface, the former constructions 
give a section of 5, 7, 10 or even 20 sq. dcm. per 1 sq. m. of heating 
surface. Table 27 gives the velocities of the currents of steam evolved 
from vacuum evaporators with steam coils or double bottoms. 

Thus the velocity with which the steam escapes is always much 
lower in the latter apparatus than in evaporators with vertical tubes ^ 
but the liquid is still raised by the steam to some extent. At the point 
where steam enters the double bottom or heating coils and tubes, or 
where fire strikes directly against the wall of the vessel, a much more 
rapid transference of heat and evolution of steam take place ; thus the 
liquid will be thrown up to the greatest extent near the steam entrance. 
Consequently there arises a current of Hquid from the warmer to the 
colder parts and back ; the velocity of this desirable motion may be 
very considerable. All the liquid which moves towards the place where 

[Continued on p. 151.] 
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Tables 26a, 26b, 26o, 26d. 

A. Litres of steam, which emerge in one second from the top of vertical 

heated tubes, 30, 50, 80 and 100 mm. bore and 1 m. long. 

B. Litres of liquid, which in one second enter these tubes from below., 
o. Velocities with which boiling liquids are projected from vertical 

heated tubes of 30, 50, 80 and 100 mm. bore and 1, 15, 2 and 
3 m. height, under vacua of 0, 234, 405, 611 and 705 mm., when 
the evaporation is 10, 20, 30 and 50 litres per sq. m. per hour, 
and when the height of the column of liquid is equal to the length 
of the tube and when it is ^ of the same length. 
D. Heights, h„ to which the liquid will be splashed above the tubes 
under the same conditions, without regard to the assistance of the- 
currents of steam. 

Table 26a. 









Litres of steam, which leave the top 




Evaporation, 




of the tube in one second. 


Bore of tube, mm. 


Length of 
tube, /. 


10, per 1 sq. 
m. and 1 


Vacuum. 


30 1 SO 1 80 1 100 




AAA « *»MV* ^ 

hour. 




Heating surface of tube, sq. m. 


Metres. 


Litres. 


mm. 


0-094 1 0167 1 0-251 | 0-314 


Litres of steam, V^. 


1 


10 





0-413 


0-75 


1-2 


1-5 




20 





0-826 


1-5 


2-4 


3 




30 





1-239 


2-24 


3-6 


4-49 




50 





215 


3-74 


6 


7-48 


1 


10 


234 


0-61 


1-02 


1-63 


2-04 




20 


234 


1-22 


208 


3-25 


4-07 




30 


234 


1-83 


3-05 


4-88 


6-1 




50 


234 


305 


5 09 


8-14 


1018 


1 


10 


405 


0-883 


1-472 


2-36 


2-95 




20 


406 


1-766 


2-944 


4-72 


5-9 




30 


405 


2-649 


4-416 


7-08 


8-86 




60 


406 


4-418 


7-359 


11-79 


14-75 


1 


10 


611 


1-992 


3-333 


5-32 


6-656 




20 


611 


3-98 


6-66 


10-64 


13-312 




30 


611 


5-98 


9-99 


15-96 


19-96 




50 


611 


9-96 


16-64 


26-61 


33-28 


1 


10 


705 


5-09 


8-51 


12-8 


17-02 




20 


706 


10-2 


1703 


25-6 


34-04 




30 


705 


15-3 


24-53 


38-4 


51-06 




50 


705 


25-47 


42-54 


64-02 


85-09 



If the heated tube is 1*5, 2 or 3 m. long, then 15, 2 or 3 times as 
many litres escape from the tube; 
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Table 26b. 



Length of the 
tube, I. 



Metres. 



Litres of liqtUd, which enter the tube at the bottom in 
one second when the velocity of entry is 

v = 0*8 \f2gl. 



80 



Bore of tube, mm. 
I 50 I 80 



I 



0-0706 



Section of tube, sq. decimetres. 
I 0-196 I 0-C02 I 



Litres of liquid, V/. 



100 



0-786 



0-333 

0-6 

0-667 

1 

1-5 

2 

3 



1-41 
1-78 
2-03 
2-51 
308 
3-58 
4-49 



4 
5 

5-6 
6-97 
8-61 
9-87 
12-07 



10 

12-6 

14-4 

17-87 

21-94 

26-3 

30-92 



16-7 

18-78 

22-6 

27-94 

34-22 

39-56 

48-35 



Table 26o. 











Velocity, c, with which steam and | 


Length 


Evapora- 
tion, w, 


Height of 




liquid 


leave the top of the tube. 1 
Metres per second. 1 


of tube, 
I. 


perlsq. 
m. and 


liquid out- 
side tube. 


Vacuum. 




Bore of tube, mm. 




Metres. 


1 hour. 
Litres. 


Metres. 


mm. 


SO 


50 1 80 


100 


Velocity, c. 1 


1 


10 


1 





4 


3-9 


3-9 


3-8 


1 


20 


1 





4-71 


4-3 


4 


3-9 


1 


30 


1 





5-3 


4-7 


4-3 


41 


1 


60 


1 





6-46 


5-4 


4-75 


4-5 


1-5 


10 


1-5 





5-2 


4-8 


4-74 


4-66 


1-5 


20 


1-5 





61 


5-4 


51 


4-93 


1-6 


30 


1-5 





7 


5-9 


5-4 


5-21 


1-5 


50 


1-5 





9 


7-1 


6-1 


6-8 


2 


10 


2 





6-26 


5-6 


5-54 


5-55 


2 


20 


2 





7-44 


6-2 


6 


5-8 


2 


30 


2 





8-8 


7 


6-5 


616 


2 


50 


2 





11-7 


8-5 


7-4 


7-68 
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Table 


260 — {continuei). 




1 


; 






yeUxAty, c, with whic 


/ 


1 £:vaix>ra^ 






liquid leave the top 


1 IjGng^h 1 tion, tv, 


Height of 




Metres per se 


i of tub ~ 


•e, f per i sq. 
1 xn. and 


liquid out- 
siae tube. 


Vacuum. 


Bore of tube, 


i 


1 1 liour. 
. 1 Xfitres. 


Metres. 


mm. 


80 1 60 1 1 


f :Bd:0tr&B 


Velocity, 


3 


7 xo 


3 





8 






3 


f 20 


3 





10 





_ 


3 


1 30 


3 





11-7 





- 


3 


1 SO 


3 





15-7 





- 


1 


lO 


1 


234 


4-42 


3-99 


a 


1 


so 


1 


234 


5-28 


4-65 


i 


1 


30 


1 


234 


615 


51 


4 


1 


SO 


1 


234 


7-87 


6-2 


S 


x-s 


lO 


1-5 


234 


5-6 


5 


4 


1-a 


S20 


1-5 


234 


7 


5-7 


fi 


1-5 


30 


1-6 


234 


8-2 


6-5 


S 


1-5 


SO 


1-6 


234 


10-9 


8-5 


6 


2 


lO 


2 


234 


6-8 


5-9 


S 


2 


20 


2 


234 


8-6 


6-6 


6 


2 


30 


2 


234 


10-3 


7-3 


7 


2 


SO 


2 


234 


13-7 


9-5 


€ 


3 


lO 


3 


234 


9 


— 


- 


3 


520 


3 


234 


11-6 





_ 


3 


30 


3 


234 


14-3 


— 


- 


3 


SO 


3 


234 


19-5 


— 


- 


1 


lO 


1 


405 


4-78 


4-3 


4 


1 


20 


1 


405 


6-07 


5 


4 


1 


30 


1 


405 


703 


5-8 


5 


1 


1 SO 


1 


405 


9-82 


7-3 


6 


1-& 


1 ^o 


1-5 


405 


6-2 


5-4 


5 


1-S 


1 20 


1-5 


405 


81 


6-5 


5 


1-S 


1 30 


1-5 


405 


10 


7-8 


6 


1-S 


1 50 


1-5 


405 


13-5 


10 


7 




1 ^0 


2 


405 


7-62 


6-6 


6 




1 20 


2 


405 


10-16 


7-5 


6 


1 30 


2 


405 


12-5 


8-5 


7 


1 50 


2 


405 


17-7 


11-5 


9 


3 


I 1® 


3 


405 


10-2 





- 


3 


1 20 


3 


405 


14 





- 


^ 3 


1 30 


3 


405 


17-8 





- 


\ 3 


1 50 


3 


405 


25-3 





- 


\ 1 


I 10 


1 


611 


6-37 


b'b 


4 


\ ^ 


I 20 


1 


611 


9-2 


6-9 


6 
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Table 26c — {continued). 











Velocity, c, with which steam and 


Length 

of tube, 

I. 


Evapora- 
tion, «>, 


Height of 




liquid leave the top of the tube. 
Metres per second. 


perlsq. 
m. and 


liquid out- 
side tube. 


Vacuum. 




Bore of tube, mm. 


Metres. 


1 hour. 
Litres. 


Metres. 


mm. 


30 


1 90 1 80 1 100 


Velocity, e. 1 


1 


30 


1 


611 


12-02 


8-6 


6-76 6-15 


1 


50 


1 


611 


17-66 


12 


8-89 i 7-9 


1-5 


10 


1-5 


611 


8-5 


6-9 


6 


6-62 


15 


20 


1-5 


611 


10-2 


9-5 


7-6 


7-12 


1-6 


30 


1-5 


611 


17 


12 


912 


8-3 


1-5 


50 


1-5 


611 


25-5 


17 


12-9 


10-7 


2 


10 


2 


611 


10-8 


7 


7-2 


6-8 


2 


20 


2 


611 


16-4 


10-4 


9-3 


8-65 


2 


30 


2 


611 


22 


14 


11-4 


101 


2 


50 


2 


611 


33-3 


20 


19-7 


13-5 


3 


10 


3 


611 


15 











3 


20 


3 


611 


23-3 











3 


30 


3 


611 


32-1 











3 


50 


3 


611- 


50 











1 


10 


1 


706 


10-77 


7-9 


6-1 


5-72 


1 


20 


1 


705 


18 


12 


8-7 


8 


1 


30 


1 


705 


25 


16 


11-2 


10-1 


1 


60 


1 


706 


40 


25 


16-3 


14-4 


1-5 


10 


1-5 


705 


14-5 


11 


8-2 


7-87 


1-5 


20 


1-5 


705 


26 


17-5 


12 


10-9 


1-5 


30 


1-5 


705 


35 


23 


16-9 


14-1 


1-5 


50 


1-5 


705 


59 


37 


23-6 


20-6 


2 


10 


2 


705 


19 


12 


10 


9-7 


2 


20 


2 


705 


34 


21 


16-3 


13-7 


2 


30 


2 


705 


48 


29 


20-4 


18-1 


2 


50 


2 


705 


77 


47 


30-6 


26-8 


3 


10 


3 


705 


28 


— 








3 


20 


3 


705 


49-2 











3 


30 


3 


705 


72-1 











3 


50 


3 


705 


113-5 


— 


— 


— 




10 


0-333 





2-6 


2-37 


2-2 


2-2 




20 


0-333 





3 


2-75 


2-48 


2-3 




30 


0-333 





4 


31 


2-74 


2-6 




50 


0-333 





5 


3-87 


3-2 


2-75 


1-5 


10 


0-50 





3-3 


3 


2-8 


2-56 


1-5 


20 


0-50 





4-3 


3-6 


3-22 


2-71 
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Table 


26c — {contimi£d). 






/ 


/ 






Velocity, c, with which steam 


/ 


1 Evapora- 
I 1 tion, w. 






liquid 


leave the top of the tu 


1 Ijeagtl 
1 ot tube 


Height of 






Metres per second. 


, 1 per 1 sq. 
1 m. and 


liquid out- 
side tube. 


Vacuum. 




Bore of tube, mm. 


/ 


f 1 hour. 
1 Uitres. 


Metres. 


mm. 


30 


50 1 80 1 1 


i Metros. 




Velocity, c. 


a 


1 IS 


30 


0-50 





6 


4-2 


3-6 


' 15 


60. 


0-50 





7 


5-6 


4-3 Z 


2 


10 


0-667 





3-6 


3-2 


3-4 a 


2 


20 


0-667 





5 


3-9 


3-i34 1 S 


2 


30 


0-667 





6-6 


4-9 


4-25 2 


2 


60 


0-667 





9 


6-3 


5-2 1 4 


3 


10 


1 





6-3 








_ 


3 


20 


1 





7-1 








_ 


3 


30 


1 





8-8 








_ 


3 


60 


1 





12-8 








_ 


1 


lO 


0-333 


234 


3 


2-6 


2-32 


s 


1 


20 


0-333 


234 


4 


3 


2-65 


s 


1 


30 


0-333 


234 


4-5 


3-5 


2-95 


s 


1 


60 


0-333 


234 


6-3 


4-5 


3-63 


a 


1-5 


10 


0-6 


234 


4 


3-25 


3-00 


2 


1-5 


20 


0-5 


234 


5-2 


4 


3-42 


a 


1-5 


30 


0-5 


234 


6-3 


4-8 


4 


a 


1-5 


60 


0-6 


234 


9 


6-4 


6 


a 


2 


10 


0-667 


234 


4-3 


3-52 


3-5 


a 


2 


20 


0-667 


234 


5-9 


4-5 


4-2 


a 


2 


1 20 


0-667 


234 


8 


5-5 


4-8 ■ 4 


2 


1 50 


0-667 


234 


11-1 


7-5 


6 


£ 


3 


1 10 


1 


234 


6-2 








_ 


3 


1 20 


1 


234 


8-8 








_ 


3 


1 30 


1 


234 


11-4 








_ 


3 


1 50 


1 


234 


16-4 








_ 


1 


1 10 


0-333 


405 


3-1 


2-7 


2-46 


S 


1 


1 20 


0-333 


405 


4-6 


3-6 


2-9 


s 


1 


30 


0-333 


405 


6 


4-2 


3-41 


a 


1 


60 


0-333 


405 


8-8 


5-7 


4-3 


a 


1-5 


10 


0-5 


405 


4-6 


3-6 


3 


2 


1-5 


20 


0-6 


405 


5-3 


4-8 


3-8 


a 


1-5 


30 


0-5 


405 


8- 


5.8 


5 


a 


1-5 


50 


0-6 


405 


12 


8 


5-9 A 


2 


10 


0-667 


405 


4-8 


3-95 


3-8 


a 


i 2 


20 


0-967 


405 


7-6 


5-6 


4-8 


A 


1 2 


30 


0-667 


405 


10 


6-9 


5-6 


S 


\ ^ 


50 


0-667 


405 


15-5 


9-9 


7-5 


e 



144 



BVAPOBATING AND CONDENSING APPARATUS. 







Table 26c — (continued). 














Velocity, c, with which steam and | 


Length 


Evapora- 
tion, w, 


Height of 




liquid 


leave the top of the tube. 
Metres per second. 


of tube, 
I. 


perlsq. 
m. and 


liquid out- 
side tube. 


Vstouum. 




Bore of tube, mm. 




Metres. 


1 hour. 
Litres. 


Metres. 


mm. 


SO 


1 60 


1 80 


1 100 


Velocity, c. 1 


3 


10 


100 


406 


7-6 


_ 


_ 




3 


20 


100 . 


406 


11-1 


— 








3 


30 


1 


405 


14-9 


— 





— 


3 


50 


1 


405 


22-5 


— 





— 


1 


10 


0-333 


611 


5 


3-75 


3 


2-3 


1 


20 


0-333 


611 


7-8 


5-3 


4-1 


3-72 


1 


30 


0-338 


611 


10 


7 


6-1 


4-5 


1 


60 


0-333 


611 


16 


10 


7-2 


5 


1-5 


10 


0-6 


611 


5-4 


5 


4 


3-6 


1-5 


20 


0-6 


611 


8-5 


7-5 


6-6 


5 


1-6 


30 


0-5 


611 


11 


10 


7-2 


6 


15 


60 


0-6 


611 


17 


14-5 


10-2 


8-8 


2 


10 


0-667 


611 


8 


5-8 


4-85 


3-73 


2 


20 


0-667 


611 


12-7 


9 


7-2 


6-38 


2 


30 


0-667 


611 


20 


13 


9-2 


713 


2 


60 


0-667 


611 


30-5 


19 


13-6 


10-6 


3 


10 


1 


611 


12-2 


— 


— 





3 


20 


1 


611 


20-6 


— 


— 





3 


30 


1 


611 


29-2 


— 


— 





3 


50 


1 


611 


46-2 


— 


— 





1 


10 


0-333 


705 


9 


6-25 


4-7 


4 


1 


20 


0-333 


706 


17 


10-5 


7-2 


6-3 


1 


30 


0-333 


706 


23 


14-3 


9-6- 


8 


1 


50 


0-333 


706 


27-8 


23 


16 


12-8 


1-5 


10 


0-5 


706 


14 


9 


6-35 


5 


1-5 


20 


0-6 


706 


24 


15-6 


10 


8-1 


1-5 


30 


0-5 


706 


33 


20-6 


14-4 


11-3 


1-5 


50 


0-6 


706 


58 


34 


20 


17-8 


2 


10 


0-667 


706 


16 


11-5 


8-1 


7-5 


2 


20 


0-667 


705 


30 


20 


13 


10-6 


2 


30 


0-667 


706 


46 


27 


18 


16 


2 


60 


0-667 


706 


75 


46 


29 


23-7 


3 


10 


1 


705 


23 


— 


— 


— 


3 


20 


1 


705 


45 


— 


— 


— 


3 


30 


1 


706 


67 


— 








3 


60 


1 


706 


110 


— 


— 


— 
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Height to which the liquid 


is pro- 1 




Eivapoia- 






jected from the tube, h,. 1 


of tube. 


tion, w, 
per Isq. 


Height of 
liquid out- 


Vacuum. 




Bore of tube, mm. 




/. 


m. and 


side tube. 




80 


50 


80 


100 




1 hour. 






Height of 


splash, h. 




Metres. 


Litres. 


Metres. 


mm. 




Metres. 




1 


10 


t.C. 





0-266 


0-253 


0-253 


0-24 


1 


10 


0-33 





0-338 


0-28 


0-242 


0-242 


1 


10 


10 





0-8 


0-76 


0-76 


0-72 


1 


20 


t.c. 





0-367 


0-21 


0-267 


0-253 


1 


20 


0-333 





0-460 


0-373 


0-3 


0-265 


1 


20 


100 





1-1 


0-93 


0-8 


0-76 


1 


30 


t.c. 





0-467 


0-367 


0-31 


0-267 


1 


30 


0-333 





0-8 


0-48 


0-375 


0-338 


1 


30 


10 





1-4 


11 


0-93 


0-8 


1 


60 


t.c. 





0-667 


0-483 


0-37 


0-333 


1 


50 


0-333 





1-25 


0-75 


0-512 


0-378 


1 


60 


1-0 





2 


1-45 


111 


1 


1-6 


10 


t.c. 





0-45 


0-383 


0-367 


0-363 


1-6 


10 


0-5 





0-545 


0-45 


0-392 


0-38 


1-5 


10 


1-5 





1-35 


1-15 


11 


1-09 


1-6 


20 


t.c. 





0-624 


0-488 


0-417 


0-4 


1-6 


20 


0-5 





0-92 


0-648 


0-517 


0-48 


1-5 


20 


1-6 





1-8 


1-45 


1-25 


1-2 


1-6 


30 


t.c. 





0-817 


0-567 


0-483 


0-45 


1-5 


30 


0-5 





1-25 


0-882 


0-612 


0-41 


1-6 


30 


1.6 





2-45 


1-7 


1-45 


1-35 


1-5 


50 


t.c. 





1-35 


0-817 


0-617 


0-56 


1-5 


60 


0-6 





2-46 


1-57 


0-924 


0-722 


1-5 


60 


1-5 





4-06 


2-45 


1-85 


1-68 


2 


10 


t.c. 





0-65 


0-52 


0-5 


0-5 


2 


10 


0-667 





0-646 


0-514 


0-48 


0-45 


2 


10 


20 





1-95 


1-66 


1-5 


1-5 


2 


20 


t.c. 





0-913 


0-64 


0-6 


0-625 


2 


20 


0-667 





1-26 


0-761 


0-7 


0-55 


2 


20 


20 





2-74 


1-92 


1-8 


1-68 


2 


30 


t.c. 





1-29 


0-817 


0-703 


0-603 


2 


30 


0-667 





1-57 


1-2 


0-9 


0-68 


2 


30 


2 





3-87 


2-46 


2-11 


0-81 


2 


50 


t.c. 





2-28 


1-203 


0-91 


0-9 


2 


50 


0-667 





4 


1-99 


1-35 


0-882 


2 


60 


2 





6-84 


3-61 


2-73 


2-7 


3 


10 


t.c. 





107 


— 


— 





3 


10 


1-00 





1-4 


— 


— 











10 
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Table 26d — (continued). 














Height 


to which the liquid 


I is pro- 




Evapora- 






jected from the tube, h^ 1 


Length 
of tube, 


tion, w, 
per 1 sq. 
m. and 


Height of 
liquid out- 


Vacuum. 




Bore of tube, mm. 




I. 


side tube. 




30 


60 


1 80 


100 




1 hour. 






Height of 


splash, K 1 


Metres. 


Litres. 


Metres. 


mm. 




Metres. 




3 


10 


3 





3-2 


_ 


_ 


_ 


3 


20 


t.c. 





1-67 











3 


20 


1 





2-5 











3 


20 


3 





5 











3 


30 


t.c. 





2-28 











3 


30 


1 





3-87 











3 


30 


3 





6-84 











3 


50 


t.o. 





41 











3 


50 


1 





8-19 











3 


50 


3 





12-3 











1 


10 


t.o. 


234 


0-32 


0-267 


0-25 


0-233 


1 


10 


0-333 


234 


0-45 


0-313 


0-269 


0-242 


1 


10 


1 


234 


0-96 


0-8 


0-75 


0-7 


1 


20 


t.c. 


234 


0-467 


0-333 


0-293 


0-267 


1 


20 


0-333 


234 


0-8 


0-45 


0-361 


0-288 


1 


20 


1 


234 


1-4 


1 


0-88 


0-8 


1 


30 


t.c. 


234 


0-633 


0-433 


0-333 


0-31 


1 


30 


0-333 


234 


1-01 


0-613 


0-435 


0-392 


1 


30 


1 


234 


1-9 


1-3 


1 


0-93 


1 


50 


t.c. 


234 


0-103 


0-62 


0-45 


0-4 


1 


50 


0-333 


234 


1-99 


1-01 


0-643 


0-5 


1 


50 


1 


234 


31 


1-86 


1-35 


1-2 


1-5 


10 


t.c. 


234 


0-52 


0-417 


0-383 


0-383 


1-6 


10 


0-5 


234 


0-8 


0-528 


0-45 


0-338 


1-5 


10 


1-5 


234 


1-56 


1-25 


115 


1-15 


1-5 


20 


t.c. 


234 


0-817 


0-54 


0-467 


0-42 


1-5 


20 


0-5 


234 


1-35 


0-8 


0-57 


0-48 


1-5 


20 


1 


234 


2-45 


1-62 


1-4 


1-26 


1-6 


30 


t.c. 


234 


1-12 


0-703 


0-557 


0-5 


1-5 


30 


0-5 


234 


1-99 


1-15 


0-8 


0-61 


1-5 


30 


1 


234 


3-36 


2-11 


1-67 


1-5 


1-5 


50 


t.c. 


234 


1-98 


1-2 


0-77 


0-66 


1-5 


50 


0-5 


234 


4 


205 


1-25 


0-66 


1-5 


50 


1 


234 


5-94 


3-61 


2-31 


1-98 


2 


10 


t.c. 


234 


0-767 


0-58 


0-54 


0-5 


2 


10 


0-667 


234 


0-92 


0-75 


0-62 


0-61 


2 


10 


2 


234 


2-3 


1-74 


1-62 


1-5 


2 


20 


t.c. 


234 


1-23 


0-726 


0-66 


0-6 
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Table 26d — (continued). 


the liqui 




/ 






Height to which 


/ T ^^^^ 


1 JEi vapora- 






jecled from the tube 


i -LtengffO. 1 cion, ir. 


Height of 






/ of tube, / per X sq. 


liquid out- 


Vacuum. 


Bore of tube, mm 


/ ^' 


1 xn. And 


side tube. 




30 1 SO 1 80 




f 3. liour. 
















Height of splash, / 


f Metres. 


/ IL,ities. 


Metres. 


mm. 
234 


Metres. 


1 ^ 


/ ao 


0-667 


1-74 


1-01 0-88$ 


1 ^ 


' 20 


2 


234 


3-69 


2-18 1-98 


' 2 


30 


t.c. 


234 


1-77 


0-887i 0-81' 


2 


SO 


0-667 


234 


3-22 


1-51 ; 1-15 


2 


30 


2 


234 


5-3 


2-66 1 2-45 


2 


50 


t.c. 


234 


3-13 


1-5 1-12 


2 


50 


0-667 


234 


6 


2-81 1-8 


2 


SO 


2 


234 


9-38 


4-5 


3-36 


3 


lO 


t.c. 


234 


1-35 








3 


XO 


1 


234 


1-92 





— 


3 


XO 


3 


234 


4-05 


1 


3 


S20 


t.c. 


234 


2-24 


1 


3 


20 


1 


234 


3-87 


1 


3 


20 


3 


234 


6-72 





3 


30 


t.c. 


234 


3-4 





3 


30 


1 


234 


6-5 1 — — 




30 


3 


234 


10-2 





3 


SO 


t.c. 


234 


6-33 





3 


SO 


1 


234 


13-4 





3 


1 SO 


3 


234 


19 





1 


1 XO 


t.c. 


405 


0-373i 0-307, 0-26' 


X 


1 lo 


0-333 


405 


0-47 


0-365 .0-305 


1. 


I lo 


1 


405 


1-1 


0-92 0-8 


X 


1 20 


t.c. 


405 


0-62 


0-417 0-33( 


X 


1 20 


0-333 


405 


1-01 


0-62 0-42 


X 


1 20 


1 


405 


1-86 


1-25 1 1 


X 


1 30 


t.c. 


405 


0-82 


0-56 ! 0-41' 


X 


I 30 


0-333 


405 


1-8 


0-882 0-57( 


i X 


1 30 


1 


405 


2-46 


1-68 1-23 


1 X 


1 50 


t.c. 


405 


1-6 


0-883. 0-6 


V X 


1 60 


0-333 


405 


3-87 


1-63 1 0-93 


A ^ 


1 50 


1 


405 


4-8 


2-66 ! 1-8 


\ X 


-5 \ 10 


t.c. 


405 


0-64 


0-487: 0-45 


\ 1 


•5 1 10 


0-5 


406 


101 


0-648! 0-45 


\ 1 


L-5 \ 10 


1-5 


405 


1-92 


1-46 1 1-31 


\ 


1-5 I 20 


t.c. 


405 


109 


0-703 0-56 


\ 


15 1 20 


0-5 


405 


1-4 


115 i 0-72S 


\ 


1-5 I 20 


1-5 


405 


3-28 


2-11 1 1-68 



148 



EVAPOEATING AND CONDENSING APPARATUS. 







Table 


26d — {continued). 














Height 


to which the liquid 


I is pro- 1 


Length 
of tube, 


Evapora- 
tion, w, 
perl sq. 


Height of 
liquid out- 


Vacuum. 


jected from the tube, h,. 1 




Bore of tube, mm. 




/. 


m. and 
1 hour. 


side tube. 




80 


60 


1 80 


1 100 


Height of 


splash, h^ 1 


Metres. 


Litres. 


Metres. 


mm. 




Metres. 




1-5 


30 


t.c. 


406 


1-67 


1-01 


0-703 


0-62 


1-5 


30 


0-6 


406 


3-2 


1-68 


1-25 


0-62 


1-5 


30 


1-6 


406 


6 


304 


2-11 


1-86 


1-5 


60 


t.c. 


406 


3 07 


1-67 


1-04 


0-93 


1-5 


60 


0-6 


406 


7-2 


3-2 


1-74 


0-8 


1-5 


60 


1-6 


405 


9-2 


5 


312 


2-8 


2 


10 


t.c. 


406 


0-96 


0-703 


0-6 


0-56 


2 


10 


0-667 


406 


1-15 


0-78 


0-72 


0-66 


2 


10 


2 


406 


2-88 


211 


1-8 


1-68 


2 


20 


t.c. 


405 


1-7 


0-93 


0-792 


0-703 


2 


20 


0-667 


406 


2-89 


1-51 


116 


0-86 


2 


20 


2 


405 


6-1 


2-81 


2-38 


2113 


2 


30 


t.c. 


405 


2-6 


1-23 


0-96 


0-883 


2 


30 


0-667 


405 


5 


2-28 


1-57 


1-25 


2 


30 


2 


406 


7-8 


3-61 


2-88 


2-66 


2 


60 


t.c. 


406 


5-2 


2-03 


1-57 


1-53 


2 


60 


0-667 


405 


11-3 


5 


2-81 


2-31 


2 


60 


2 


405 


15-6 


61 


4-7 


4-6 


3 


10 


t.c. 


405 


1-73 


— 


— 


— 


3 


10 


1 


405 


2-81 


— 


— 


— 


3 


10 


3 


405 


5-2 


— 


— 


— 


3 


20 


t.c. 


405 


5-27 


— 


— 


— 


3 


20 


1 


406 


6-16 


— 


— 


— 


3 


20 


3 


406 


9-8 


— 


— 


— 


3 


30 


t.c. 


406 


5-26 


— 


— 





3 


30 


1 


405 


11-1 











3 


30 


3 


406 


15-8 


— 


— 


— 


3 


50 


t.c. 


406 


10-7 


— 


— 





3 


60 


1 


406 


25-3 


— 








3 


50 


3 


405 


32 


— 


— 


— 




10 


t.c. 


611 


0-66 


0-487 


0-363 


0-33 




10 


0-333 


611 


1-26 


0-703 


0-45 


0-27 




10 


1 


611 


2 


1-46 


1-06 


0-97 




20 


t.c. 


611 


1-41 


0-793 


0-64 


0-47 




20 


0-333 


611 


3-04 


1-4 


0-81 


0-68 




20 


1 


611 


4-23 


2-38 


1-63 


1-4 




30 


t.c. 


611 


2-4 


1-23 


0-77 


0-62 




30 


0333 


611 


6 


2-46 


1-26 


1-01 
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Table 26d — (continiied). 














Height to which the liquid 


I is pro- 1 




Evapora- 






jected from the tube, h,. | 


Iiength 
of tube, 


tion, 10, 
perlsq. 
m. and 
1 hour. 


Height of 
liquid out- 


Vacuum. 


Bore of tube, mm. 




t. 


side tube. 




80 1 SO 


1 80 


100 


Height of 


splash, h, 


. 


Metres. 


Litres. 


Metres. 


mm. 


Metres. 




1 


30 


1 


611 


7-2 


3-7 


2-3 


1-86 


1 


60 


t.c. 


611 


517 


2-4 


1-32 


1-04 


1 


50 


0-333 


611 


12-8 


5 


2-57 


1-25 


1 


50 


1 


61] 


15-5 


7-2 


3-96 


312 


1-5 


10 


t.c. 


611 


1-203 0-793 


0-6 


0-523 


1-5 


10 


0-5 


611 


1-46 1-25 


0-8 


0-65 


1-5 


10 


1-5 


611 


3-61 2-38 


1-8 


1-57 


1-6 


20 


t.c. 


611 


1-73 1-5 


0-963 


0-837 


1-6 


20 


0-5 


611 


3-61 2-81 


1-57 


1-25 


1-5 


20 


1-5 


611 


5-2 4-5 


2-89 


2-51 


1-5 


30 


t.o. 


611 


0-483 2-4 


1-38 


1-15 


lo 


30 


0-5 


611 


7-5 1 5 


2-59 


1-8 


1-6 


30 


1-5 


611 


14-5 1 7-2 


4-14 


3-45 


1-5 


50 


t.o. 


611 


10-8 


4-83 


2-73 


1-91 


1-5 


50 


0-5 


611 


14-5 


10-2 


5-1 


3-87 


1-6 


50 


1-5 


611 


32-3 


14-5 


8-3 


5-72 


2 


10 


t.c. 


611 


1-94 


0-817 


0-8 


0-77 


a 


10 


0-667 


611 


3-2 


1-7 


1-28 


0-69 


2 


10 


2 


611 


5-83 


2-45 


2-4 


2-3 


2 


20 


t.c. 


611 


4-5 


1-8 


1-44 


1-23 


2 


20 


0-667 


611 


7-5 


4 


2-59 


1-45 


2 


20 


2 


611 


13-5 


5-4 


4-32 


3-7 


2 


30 


t.c. 


611 


8-07 


3-27 


2-17 


1-7 


2 


30 


0-667 


611 


15-8 


8-5 


4-10 


2-52 


2 


30 


2 


611 


24-2 


7-8 


6-5 


5-1 


2 


50 


t.c. 


611 


18-5 


6-67 


6-47 


3-03 


2 


50 


0-667 


611 


46-5 


181 


10 


5-3 


2 


50 


2 


611 


55-5 


20 


19-41 


9-1 


3 


10 


t.c. 


611 


3-77 


— 


— 


— 


3 


10 


1 


611 


7-4 


— 


— 


— 


3 


10 


3 


611 


11-3 


— 


— 


— 


3 


20 


t.o. 


611 


8-83 


— 


— 


— 


3 


20 


1 


611 


21-2 


— 


— 


— 


3 


20 


3 


611 


26-5 


— 


— 


— 


3 


30 


t.c. 


611 


17 


— 


— 


— 


3 


30 


1 


611 


42-6 


— 


— 


— 


3 


30 


3 


611 


51 


— 


— 


— 


3 


50 


t.c. 


611 


41 


— 


— 


-~~ 
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Table 


26d — (continued). 














Height to which the liquid is pro- 1 


Length 
of tube, 


Evapora- 


Height of 
liquid out- 




jected from the tube, 


h.. 


tion! Wf 
per 1 sq. 
m. and 
1 hour. 


Vacuum. 


Bore of tube, mm. 




/. 


side tube. 




80 1 60 


1 80 


1 100 








Height of splash, h 


I* 


Metres. 


Litres. 


Metres. 


mm. 


Mel 


bres. 





3 


50 


1 


611 


106 




3 


50 


3 


611 


125 


^_ 


__„ 





1 


10 


t.c. 


705 


1-9 


1-04 


0-62 


0-57 


1 


10 


0-333 


705 


4 


1-95 


11 


0-80 


1 


10 


1 


705 


5-7 


3-12 


1-86 


1-62 


1 


20 


t.c. 


705 


5-47 


2-4 


1-26 


107 


1 


20 


0-333 


705 


14-5 


5-2 


2-60 


1-28 


1 


20 


1 


705 


16-4 


7-2 


3-78 


3-2 


1 


30 


t.c. 


705 


10-4 


4-27 


2-09 


1-7 


1 


30 


0-333 


705 


27 


9-8 


4-1 


3-2 


1 


30 


1 


705 


31-3 


12-8 


6-27 


5-1 


1 


50 


t.c. 


705 


26-6 


10-5 


4-43 


3-47 


1 


50 


0-333 


705 


39 


26-5 


9-8 


7-6 


1 


50 


1 


705 


80 


31-5 


13-3 


10-4 


1-5 


10 


t.c. 


705 


3-5 


203 


1-12 


1-0 


1-5 


10 


0-5 


705 


7-6 


4-03 


1-98 


1-25 


1-6 


10 


1-5 


705 


10-5 


6-1 


3-36 


3 


1-6 


20 


t.c. 


705 


11-3 


51 


2-4 


1-98 


1-6 


20 


0-5 


705 


29 


12 


5 


3-20 


1-5 


20 


1-5 


705 


33-8 


15-3 


7-2 


5-95 


1-5 


30 


t.c. 


705 


20-4 


8-83 


4-3 


3-3 


1-5 


30 


0-5 


705 


55 


20 


10 


6-60 


1-5 


30 


1-6 


705 


61 


26-5 


12-6 


9-9 


1-5 


50 


t.o. 


705 


59 


22-2 


9-26 


7-07 


1-6 


50 


0-5 


705 


156 


54-5 


20 


16-8 


1-5 


50 


1-5 


705 


178 


66-5 


27-8 


21-2 


2 


10 


t.c. 


705 


6 


2-4 


1-67 


1-67 


2 


10 


0-667 


705 


12-8 


6-16 


3-2 


2-81 


2 


10 


2 


705 


18 


7-2 


5 


4-7 


2 


20 


t.c. 


705 


19-6 


7-33 


3-87 


3-13 


2 


20 


0-667 


705 


46 


20 


8-5 


5-7 


2 


20 


2 


705 


58 


22 


11-6 


9-4 


2 


30 


t.c. 


705 


38-6 


14 


7 


5-4 


2 


30 


0-667 


705 


101 


36-5 


16-2 


11-26 


2 


30 


2 


705 


115 


42 


21 


16-2 


2 


50 


t.c. 


705 


98-5 


36-3 


16 


11-7 


2 


50 


0-667 


705 


281 


100 


88 


28 


2 


50 


2 


705 


296 


110 


48 


35 
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Height to which the liquid is pro- 
jected from the tube, A,. 


length 
of tube, 


Evapora- 
tion, w, 
per 1 sq. 
m. and 
1 hour. 


Height of 
liquid out- 


Vacuum. 


Bore of tube, mm. 


/. 


side tube. 




SO 1 50 1 80 1 100 


Height of splash, h^. 


Metres. 


Litres. 


Metres. 


mm. 


Metres. 


3 


10 


t.c. 


705 


13 


_ 


_ 


_ 


3 


10 


1 


705 


27 











3 


10 


3 


705 


39 











3 


20 


t.c. 


705 


40 











3 


20 


1 


705 


106 











3 


20 


3 


706 


120 











3 


30 


t.c. 


705 


86-7 











3 


30 


1 


705 


225 











3 


30 


3 


705 


260 











3 


60 


t.c. 


705 


313 











3 


50 


1 


706 


605 











3 


50 


3 


705 


638 












steam is evolved must be thrown up with the steam ; it therefore 
increases the rising volume. It is hardly possible to state how much 
liquid is carried up with the steam ; but occasionally it may be many 
times the volume of the steam. 

The evaporative capacity of the heating surface at the steam 
entrance is much greater than the mean capacity, so that in vacuum 
evaporators with double bottoms and heating coils the liquid is often 
splashed up near the steam entrance to a height as great as in an 
evaporator heated by vertical tubes. 

C. The Influence of the Current of Steam on Projected Drops. 

In determining the height to which the larger masses of liquid are 
projected, we neglected the action of the rising current of steam, 
which can only be slight. The case is different with isolated drops. 
The motion of small drops may be very considerably afiFected by 
currents of steam. 

The velocity, c, with which the drops are splashed out of the 
evaporating liquid, we shall assume to be equal to that of the larger 
masses, although the explosion of bursting bubbles, in combination 
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with the action of surface tension, may cause greater initial velocities 
in certain cases. 

The initial upward velocity of the drops thrown up from the liquid 
can never be less than that of the current of steam rising in the steam 
space ; it is always somewhat, and may be considerably, greater. 

Cylindrical vessels, in which the liquid is heated by direct fire, 
double bottoms, coils or horizontal tubes, always provide so large a 
section for the escaping current of steam and the rising drops that 
their velocities invariably decrease and become not very different 
from one another. The ratio of the section to the heating surface varies 
in this case from 1 : 1 to 1 : 20 (see Table 27). 

But in the case of heaters with vertical tubes, in which the ratio 
of the section, available for the escaping steam, to the heating surface 
is much less, viz., 1 : 50 to 1 : 100, the initial velocities of the liquid 
are very high, occasionally greater than that of the current of steam. 
At the maximum they are perhaps twice as great. 

The highest initial velocities are rarely produced, but when they 
do occur they must be carefully considered. Generally the velocity, 
c, even with apparatus with vertical tubes, will not exceed 4-6 m. per 
second. The velocity of the steam is in this case approximately 4:-8 
m. per second. Similarly, in apparatus with coils, double bottoms, 
etc., the velocities of the drops and steam are fairly equal. 

For this reason, and because, when the velocities c and v^ are 
different, the effect is to cause the drops to rise to a less extent, we 
shall neglect the pressure, P„, which opposes the ascent of the drops 
(for the highest possible rise is alone to be determined), and assume that 
no such pressure is present. Equation (130) may then be written : 

h.= /' p. (139) 

^K^ - m 

This equation shows that when the velocity of the current of 
steam is so great that it exerts a pressure, P^, on a drop at rest 
equal to twice the weight of the drop, G, (P« = 2G), the drop is 
carried away with the steam and lost, since the denominator of the 
fraction then becomes = 0. 

If the pressure of the steam, P^, upon the drop = G, i.e., is equal 
to its weight, then equation (139) becomes 

"-if- 



ACTION OF STEAM ON PROJECTED DROPS. 153 

Table 27. 

Yelocity of the steam in the steam space of vacuum evaporators, at 
vacua of 0-705 mm., with evaporative capacities of 10-100 kilos, 
per sq. m. and ratios of section of steam space to heating surface 





Evapo- 




Section in sq 


m. 




Heating surface in sq. m. 
















lation in 


1 


1 


1 


1 


1 


Vacuum. 


1 hour 
persq. 


1 


6 


io 


is 


20 




m. 












Velocity, in metre 


», of the current of steam in the 






steam space 


s of the vacuum apparatus. 


mm. 


w 















10 


0046 


0-23 


0-46 


0-69 


0-92 





20 


009 


0-46 


0-92 


1-38 


1-83 





30 


014 


0-69 


1-38 


1-76 


2-75 





50 


0-23 


1-15 


2-30 


3-44 


4-69 





100 


0-46 


2-29 


4-59 


6-88 


9-78 


234 


•10 


006 


0-32 


0-66 


0-97 


1-30 


234 


20 


013 


0-65 


1-30 


1-96 


2-60 


234 


30 


0-19 


0-97 


1-95 


2-92 


3-90 


234 


50 


0-32 


1-62 


3-25 


4-87 


6-50 


234 


100 


0-65 


3-25 


6-50 


9-75 


13-00 


405 


10 


009 


0-47 


0-94 


1-41 


1-58 


405 


20 


019 


0-94 


1-88 


2-82 


3-76 


405 


30 


0-28 


1-41 


2-82 


4-23 


5-64 


405 


50 


0-47 


2-35 


4-70 


706 


9-40 


405 


100 


0-94 


4-70 


9-40 


4-10 


18-80 


610 


10 


0-21 


105 


2-11 


3-16 


4-22 


610 


20 


0-42 


211 


4-22 


6-33 


8-44 


610 


30 


0-63 


316 


6-33 


9-49 


12-66 


610 


60 


105 


5-27 


1106 


15-80 


21-10 


610 


100 


210 


10-50 


2111 


31-60 


42-20 


705 


10 


0-54 


2-70 


5-41 


8-11 


10-82 


705 


20 


108 


5-4 


10-82 


16-2 


21-64 


705 


30 


1-62 


8-1 


16-23 


24-3 


32-46 


705 


50 


2-70 


13-5 


27-06 


40-5 


64-1 


705 


100 


5-41 


270 


541 


81-1 


108-1 
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The drops then rise to twice the height to which they would rise 
in vacuo without the current of steam, i.e., to double the height given 
in Table 26. 

If Po = iG, then the rise is \ of the theoretical. 

'■'W^y-i-- ■ ■ ■ ■ '"" 

If P„ = iG, then the rise is t of the theoretical. 

These considerations and an examination of Table 26 show that 
the current of steam in all cases somewhat increases the height ta 
which large drops rise, but that quite small drops must often be 
carried completely out of the vacuum evaporator, even with steam 
velocities of 5-6 m. per second. It must also be remembered that 
each vessel is closed at the top and has an exit pipe, of smaller section 
than that of the apparatus and in which, therefore, the steam will 
move with a greater velocity than in the steam space of the apparatus. 
Since the currents converge towards this exit pipe, they gradually 
acquire a greater velocity in the apparatus itself. 

The lower the pressure of the steam, the greater must be its 
velocity, if equal weights are to flow in equal times through pipes of 
equal bore. If a certain weight of steam, at atmospheric pressure, 
flows through a pipe of a certain bore with 1 m. velocity, then the 
velocities, in order that the same weight of steam may pass through the 
same pipe, must be 

at 234 405 611 705 mm. vacuum 
1-415 2 4-62 11-84 m. per sec. 

Thus it is seen, that the cuiTent of steam in vacuum evaporators 
will carry with it drops the more readily, the lower the pressure, the 
higher the vacuum in it. 

The differences in construction of apparatus, in capacities, sections 
and liquids do not permit us to obtain a single result for the absolute 
height to which liquids and drops rise. But by means of Tables 26 
and 27 this height may be estimated approximately in any separate 
case. It is certain that, in almost all cases, the small drops are in 
real danger of being carried away by the steam, and since they are 
generally formed from valuable liquids, endeavours are made to catch 
them again by artificial means. 
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D. The Action of the Current of Steam on Projected Bubbles 
of Liquid (Hollow Drops) and Means for Avoiding their 
Loss. 

We have hitherto always assumed that whole drops of liquid, more 
or less large, have been splashed up ; this is, however, not the case 
alone. Under certain conditions with every liquid, and with some 
hquids as a rule, hollow drops (bubbles of steam and liquid) are thrown 
up in every size and in great quantity. These bubbles are projected 
from the liquid with the same velocity, c, as the solid drops, but the 
ascending current of steam has more action upon them, since v^ith 
equal section they present an equal surface to the pressure, but having 
less weight require a lower pressure to receive the same acceleration. 
When projected with the same velocity as a solid drop into a current 
of steam flowing in the same direction but with lower velocity, the 
hollow drops (bubbles) are more retarded by it than the solid drops 
and hence rise to a lower height. But when projected into a current of 
steam moving in the same direction with greater velocity, the bubbles 
are carried considerably further than solid drops and may readily be 
removed from the apparatus and lost. 

These steam bubbles, together with the very small drops of liquid, 
constitute the real source of loss in evaporating liquids. 

In order to determine the heights to which these bubbles rise, 
equation (130) may be used: 



inserting, instead of the weight of the solid drop, G, that of the 
bubble, which may be J, 1, etc., of the former. 

It may be seen from this equation how rapidly the height, h„ 
must rise with decreasing weight of the drop, G, Thus a tail 
apparatus always offers some protection against loss by drops and 
even bubbles, but this protection is far from sufficient for the smaller 
sohd drops and the lighter bubbles, which must be retained by other 
means. 

Now these steam and foam bubbles may be retained by bringing 
them into a position where they are converted into solid drops, against 
which the current of steam is powerless. Then if the solid drops 
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formed from the burst bubbles be given a motion in a direction different 
to that of the steam, directed downwards and to the side towards a 
protected space, they can almost all be caught and saved. The froth 
separating apparatus of C. Heckmann of Berlin, German Patent No. 
70,022, is constructed on these principles and hence works very effi- 
ciently. See Fig. 13 (p. 129). 

In order that the steam bubbles may be converted into solid drops 
it is necessary to let them burst. This is accomplished in this case 
by passing the steam, which leaves the apparatus with the pressure 
prevaiUng therein, into a space in which there is a somewhat lower 
pressure. The excess of pressure thus produced in the interior of the 
bubbles causes them to burst. 

The small difference of pressure required to rupture the bubbles 
differs for every hquid, every degree of concentration, and for every 
temperature, and it cannot be exactly estimated d priori for any case. 
Thus it is necessary to arrange this foam separator in such a manner 
that the difference of pressure necessary in each case can be actually 
produced under working conditions, and can be altered when the condi- 
tions alter. 

This adjustability of the foam separator is practically its indis- 
pensable property. Similar arrangements without this property are 
worthless. 

In Table 28 are given the diameters of the central tube and of the 
outer vessel of this foam separator. The central tube should offer as 
little resistance as possible to the passage of the steam ; its diameter is 
determined by means of the later Table 32, and with regard to the 
steam velocities there given, since these velocities are so low that 
they create very little resistance even in long tubes. The inclina- 
tion of the reflecting plate is taken as 10° to the horizon ; the diameter 
of the drops to be retained is assumed to be 0*1 mm. or more. The 
section of the annular space between the reflecting plate and the wall 
of the vessel is so determined that the velocity of the steam, obtained 
at the highest anticipated vacuum, may exert a pressure upon drops 
of 0*1 mm. not exceeding twice their weight. Thus, according to 
Table 25, tenfold security is obtained, so that the apparatus must 
retain even considerably smaller drops. By increasing the angle of 
incHnation of the reflecting plate and the diameter of the vessel the 
security against loss of drops is increased. 
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Table 28. 

The foam separator of Ger. Pat. No. 70,022, Fig. 13 (p. 129), 
diameter of the central pipe and of the outer vessel. 





Vacuum. 







126-2 


193-7 


284 1 


Evaporation 
of water 








1 




1 




















per hour. 




Diameter of the central pipe, R 


and of the outer | 










vessel, Af. 








R- 


M 


R 1 


if 


R 


M 


jB 


M 


KUo8. 






1 












60 


50 


220 


60 


226 


70 


225 


70 


230 


100 


70 


230 


70 


230 


80 


235 


80 


240 


160 


80 


260 


80 


263 


90 


266 


90 


270 


200 


90 


276 


90 


290 


100 


300 


100 


310 


260 


100 


305 


100 


320 


100 


320 


100 


326 


300 


100 


330 


126 


350 


126 


365 


125 


369 


350 


120 


366 


125 


368 


126 


370 


125 


370 


400 


125 


370 


125 


385 


150 


400 


150 


407 


600 


126 


400 


150 


428 


160 


436 


160 


440 


600 


150 


440 


160 


458 


160 


470 


176 


480 


700 


160 


465 


150 


480 


176 


495 


176 


507 


800 


160 


488 


175 


519 


175 


526 


176 


530 


900 


176 


625 


175 


645 


176 


665 


200 


665 


1000 


175 


540 


200 


680 


200 


685 


200 


590 


1600 


200 


640 


200 


675 


226 


690 


226 


705 


2000 


226 


730 


225 


777 


250 


795 


250 


810 


2600 


250 


825 


260 


790 


275 


840 


276 


890 


3000 


276 


896 


275 


940 


300 


955 


300 


970 


3600 


276 


966 


300 


1010 


300 


1040 


325 


1070 


4000 


300 


1016 


325 


1100 


325 


1115 


350 


1130 


4600 


326 


1100 


326 


1155 


360 


1176 


350 


1190 


6000 


325 


1166 


350 


1220 


350 


1235 


375 


1250 


5600 


360 


1216 


360 


1270 


360 


1285 


375 


1300 


6000 


360 


1246 


376 


1330 


400 


1360 


400 


1365 


6600 


360 


1290 


376 


1370 


400 


1390 


400 


1410 


7000 


375 


1340 


400 


1420 


426 


1440 


426 


1460 


7600 


375 


1380 


400 


1460 


425 


1486 


425 


1610 


800O 


400 


1430 


426 


1620 


460 


1635 


460 


1560 
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Table 28 — (continued). 











Vacuum. 








375-6 


471 


564 


610 1 


Evaporation 
of water 




1 








1 






















per hour. 




Diameter of the central 


pipe, R 


, and of the outer | 










vessel, M. 








li 


M 


R 


M 


R 


M 


R 


^f 


Kilos. 


















50 


80 


235 


90 


240 


100 


245 


100 


250 


100 


90 


260 


100 


266 


126. 


300 


125 


310 


150 


100 


295 


100 


300 


125 


330 


150 


370 


200 


125 


335 


125 


340 


160 


375 


175 


405 


250 


125 


360 


160 


386 


150 


385 


175 


440 


300 


125 


380 


160 


405 


175 


442 


200 


480 


350 


150 


420 


150 


416 


200 


480 


200 


506 


400 


150 


435 


175 


436 


200 


500 


226 


645 


500 


175 


485 


175 


495 


225 


666 


226 


590 


600 


175 


510 


200 


540 


225 


588 


250 


646 


700 


200 


655 


225 


575 


260 


640 


276 


687 


800 


200 


585 


226 


610 


250 


676 


300 


730 


900 


225 


627 


260 


665 


275 


718 


300 


766 


1000 


225 


650 


260 


695 


300 


760 


326 


860 


1500 


250 


780 


300 


820 


350 


920 


360 


980 


2000 


300 


890 


326 


969 


375 


966 


400 


1120 


2600 


325 


1010 


350 


1045 


400 


1140 


460 


1245 


3000 


350 


1090 


376 


1140 


425 


1240 


500 


1355 


3500 


350 


1160 


400 


1160 


460 


1330 


525 


1445 


4000 


375 


1240 


426 


1215 


500 


1420 


550 


1550 


4500 


400 


1320 


460 


1275 


625 


1600 


676 


1620 


6000 


400 


1380 


476 


1460 


550 


1675 


600 


1710 


8500 


425 


1440 


500 


1510 


560 


1640 


626 


1790 


6000 


450 


1506 


500 


1670 


575 


1706 


650 


1866 


6500 


450 


1565 


600 


1620 


600 


1780 


650 


1930 


7000 


476 


1600 


625 


1690 


600 


1830 


675 


2000 


7500 


500 


1655 


550 


1740 


650 


1906 


700 


2065 


8000 


500 


1750 


560 


1796 


660 


1960 


700 


2130 



HECKMANN S FOAM SEPARATOR. 

Table 28 — {continued). 



159 



Evaporation 
of water 
per hour. 

Kilos. 


Vacuum. 


642-5 


668 


705 


Diameter of tlie central pipe, R, and of the outer 
vessel, M. 


R 


M 


" 


M 


R 


M 


60 
100 
160 
200 
250 
300 
350 
400 
500 

600 

700 

800 

900 

1000 

1500 

2000 

2500 

3000 

3500 
4000 
4500 
5000 
5500 
6000 
6500 
7000 
7500 
8000 


100 
125 
150 
175 
200 
225 
225 
225 
250 

250 
250 
300 
325 
350 
400 
450 
500 
550 

575 
600 
625 
650 
675 
700 
700 
726 
750 
750 


273 
315 
373 
440 
468 
508 
532 
558 
630 

660 

697 

Ibl 

830 

880 

1036 

1160 

1310 

1430 

1520 
1620 
1705 
1800 
1875 
1960 
2020 
2090 
2155 
2222 


125 
150 
175 
200 
225 
225 
250 
250 
275 

300 
325 
350 
375 
400 
450 
500 
550 
600 

625 
650 
700 
700 
750 
750 
800 
800 
850 
850 


290 
345 
405 
455 
508 
630 
588 
605 
645 

710 

790 

845 

885 

940 

1105 

1255 

1390 

1510 

1615 
1720 
1820 
1870 
1960 
2060 
2150 
2220 
2300 
2370 


145 
175 
200 
225 
250 
275 
300 
325 
360 

375 
400 
425 
450 
450 
500 
600 
650 
700 

750 
800 
850 
850 
900 
900 


325 
390 
460 
610 
676 
605 
650 
725 
790 

850 
910 
966 
1015 
1050 
1250 
1440 
1690 
1730 

1855 
1975 
2095 
2180 
2290 
2370 



160 



EVAPORATING AND CONDENSING APPARATUS. 



E. The Change in the Size of Steam Bubbles in Boiling 

Liquids. 

The movement of a boiling liquid is facilitated by the increase in 
volume, as they rise, of the steam bubbles formed in the lower layers. 
The volume of a small weight of steam produced at the bottom of a 
liquid depends upon the pressure upon it. This pressure is the sum 
of the pressures of the liquid and of the steam or air above it. 

The pressure of the liquid upon unit section of the bubbles is 
proportional to the height of the layer of liquid above the bubble, h, 
and its specific gravity, s^. 

As the bubble rises, the pressure of the steam or air generally 
remains constant, but the height, and thence the pressure, of the layer 
of liquid decreases gradually. The bubble therefore increases in volume 
as it rises. 

Table 29 shows the extent of the increase in volume of steam 
bubbles, when they are formed in liquids at various depths and under 
various pressures, and then rise upwards. 

Table 29. 
The increase in volume of a steam bubble of 1 cc. capacity, which is 
formed, in liquids of I'O, I'l and 1*3 specific gravity, at depths of 
250-2000 mm. below the surface and then rises, whilst over the 
liquid there is a vacuum of 0-720 mm. 



Depth 
below the 

surface 
at which 
the steam 

bubble 

of 1 CO. 

capacity 

was 
formed. 

mm. 



Vacuum over the liquid. 



mm. 



150 mm. 250 mm. 500 mm. 



650 mm. 



720 mm. 



Specific gravity of the liquid. 



1 1-1 1-3 



1 11 1-8 1 11 1-3 1 11 1-8 1 11 1-8 1 1-1 1-3 



Volume of the bubble when it rea.ches the surface. 



250 

600 

750 

1000 

1600 

2000 



108 

05 

1-08 

1 
115 

1 



1-18 
116 
1-18 
1-21 
1-27 
1-82 



1-88 1-as 

1-86 1-06 
1-40 1-10 
1-48 118 
1-60 1-19 
1-56 1-25 



1-18 

1-17 

1-20 

1-24 

1-3 

1-87 



1-84 1-04 
1-37 1-07 



421 
461 
661 
561 



1-14 

117 

1-22 

1- 

1-87 

1-48 



1-85 108 
1-89 1-15 
1-44 1-21 
1-49 1-3 
1-62 1-44 
1-69 1-61 



1-18 

1- 

1-35 

1-48 

1-58 

1-77 



•491 



•691 



1-18 
84 

I1-53 
7 



1-4 

1 

1-6 

1 

1-87I2-06 

209 2-2 



1-29 
1-47 
1^68 
1-87 
2-26 
2-42 



681 



741 



212 



i-efi 

54 

99|2^45i2-693-19 

•79 



1-142 



•5 11-65 

95.2 

45i 

'923' 

2-66|8-88{4-26|5-04 

2-86 4-8616-88 6-81 



1^21 3 



CHAPTER XVII. 

THE DIAMETER OF PIPES FOR CONVEYING STEAM^ 
ALCOHOL VAPOUR AND AIR. 

A. For Steam. 

Thb pipes, through which gases and vapours are conducted, are made^ 
as narrow as is possible without ill effects, since narrow pipes are 
cheaper, lighter and more convenient. Thus it is necessary to ascertain 
the least diameter which the pipes may be given in any particular case. 

Generally it is required to convey the gases or vapours through 
the pipes with a very small fall in pressure between inlet and outlet ;. 
■ the permissible extent of this fall limits the dimensions of the pipes. 

The loss in pressure, which vapours undergo in pipes, depends on 
their diameter and length, on the density of the vapour and, in parti- 
cular, on the velocity with which the movement takes place. 

Let d s the diameter of the pipe in metres, 
I » the length „ „ 

Q = the section „ in sq. metres, 

tV and Vi = the velocities with which steam and air respectively move 

in the pipe, in metres per second, 
z^ and Zi = the loss of pressure, in metres of water, which the air or 

steam respectively suffers between inlet and outlet, 
y^ and y, = the weight of 1 cub. m. of steam or air respectively, in 
kilos. 

Two formulae are known for determining the loss in pressure : — 
1. The formula of Gustav Schmidt, 



"'"SK^-'iy ("1) 



applicable to air and tubes of 150-200 mm. bore. 

11 
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2. The formula of Gutermuth and Fischer, applicable to steam in 
tubes of 70-300 mm. bore and velocities below 20 m. per second : — 

or 

0-0016 I ^ ,,-OY 

^- = 1000-^-3^- <'*^> 

Unfortunately these two formulsB do not give the same result for 
the same conditions ; if that were the case, then, when Z, d, y and v 
were the same, z, would equal z^. However, if Zi be put equal to z^, 
and the equation transformed, it will be seen that both the formulae 
give the same result for a pipe of diameter d = 0*07 m., and different 
results in all other cases. 

785/ 1\ _ 15j<J.O _ 16^ 
101% ■•" ^/ " 10« " " 10' 
785/. 1\ .^ 

'^^ = 15 X 103 - 785 X 5 

15 X 10^ - 785 X 5 

T?he results obtained by Schmidt's formula (Dingl. polyt. Journal, 
1880, September) are always much lower than those given by Fischer's 
formula (Zeits. d. V. d. Ing., 1887, pp. 718, 749). On this account the 
second formula must be used by preference in doubtful cases, which 
conclusion is strengthened by the valuable researches conducted and 
described by Gutermuth and others, which have shown that the 
values obtained by Fischer's formula correspond very closely with 
the reality. The equation of Fischer and Gutermuth is found to be 
correct for pipes of 70 - 300 mm. diameter and velocities below 20 m. 
per second ; but, in default of any other, this formula must for the 
present be used for pipes of other bores and for other velocities. 

Table 30 has been calculated according to the formula (143) of 
Fischer, in order to obtain an idea of the extent of the resistance 
under various conditions, and in fact only in order to obtain a synopsis 
of these resistances. For the sake of comparison and to illustrate what 
has been said above in regard to the two formulas, the results (which 
are not used) of Schmidt's equation are inserted for some cases. In 
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Table 30, a length of pipe of 20 m. is assumed, and the resistance is 
measured in metres of the water column. It will be seen, what the 
formula also expresses, how rapidly the resistance increases with 
the velocity, and how considerably it increases under high pressure, 
ix., with steam and air of high densities. 

The important question for practical purpose is : how wide must 
a pipe be made for any definite case ? This question will at once be 
answered. Since, however, not only the bore of pipes for steam, but 
also for alcohol vapour and air, is required, these substances will be 
treated at the same, time. 

Through a tube of given section in a given time much or little 
steam or air may be sent ; the quantity depends on the velocity with 
which the substance moves through the tube. But a high velocity 
requires also a large difference in pressure between the inlet and outlet 
of the pipe. In many cases the pressure applied at the inlet of the 
pipe is desired to be transmitted as completely as possible to the other 
end, in other cases it is undesirable that the pressure at the inlet should 
appreciably exceed the low pressure produced at the outlet, thus the 
difference in pressure between the inlet and outlet is generally regarded 
as loss of pressure. On the other hand too low velocities require wide 
and costly pipes, therefore some difference of pressure is arbitrarily 
chosen and the bore of the pipes determined on this assumption. 

The steam pressures used in practice vary within very wide limits 
— 20 atmos. to 0*05 atmos. Thus a constant loss of pressure cannot 
well be assumed for all cases. It is desirable to assume the loss 
of pressure as a percentage of the original pressure. If at one 
end of a pipe there is an absolute pressure of 50 mm. (710 mm. 
vacuum), then a loss of pressure of 10 mim. of mercury at the other 
end is quite sensible ; but if there is a pressure of 4,500 mm. (5 
atmos.) at one end, then 20 - 50 mm. can well be spared for the 
transmission of the steam through the pipe. 

Since it is thus decided to devote a certain percentage of the original 
pressure to the transmission of the steam through the pipe, and since, 
if this percentage is fixed, the formula (143) at once gives the velocity 
and thence the weight of steam passing through the pipe in unit 
time, the equation (143) may more conveniently be written : 



n 
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Table 30. 

The loss of pressure, -?, in metres of water, experienced by steam in 

and 50 m., according to Schmidt (S) 



Absolute pressure, 

atmos. - 
Absolute pressure, 

mm. 
Vacuum, mm. 


3 
2200 


1-5 
1140 


0-76 

666-7 
210 


Bore 

of pipe, 

d. 


Velo- 
city, 


S 


F 


s 


F 


S 


P 


005 

0-07 

0150 

0-300 

0-500 

0-700 

0-900 


20 
30 
60 
20 
30 
50 
20 
30 
50 
20 
30 
50 
20 
30 
60 
20 
30 
50 
20 
30 
50 


0-5826 
1-3110 
3-6411 
0-2947 
0-6632 
1-8423 
00831 
0-1871 
0-5197 
0-0297 
00669 
01860 


0-4086 
0-9194 
2-5640 
0-2918 
0-6566 
1-8240 
01319 
0-3064 
0-8542 
00681 
01631 
0-4256 


0-1536 
0-3456 
0-9600 
0-0433 
0-0975 
0-2708 
00152 
00348 
0-0967 


01521 
0-3423 
0-9510 
00709 
0-1607 
0-4437 
00356 
0-0796 
0-2218 


0-0224 
0-0548 
01402 
0-0091 
0-0180 
0-0501 
0-0040 
00091 
0-0253 


00368 
00827 
0-2297 
00184 
00414 
01149 
0-0111 
00248 
0-0689 



The weight of steam, Z), passing through the pipe in one hour 
is then 



whence the section of the pipe may be found. 



(145) 
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Table 30. 

pipes of 0*05-0*90 m. diameter and 20 m. long, at velocities of 20, 30 
and Fischer and Gutermuth (F). 



0-5 

854-6 
106 


0-26 

196-5 
664-5 


0-15 

H7-6 
643 


0-072 

64-9 
706 


S 


P 


S 


F 


S 


P 


S 


P 


00030 
00069 
00190 
00052 
00116 
00322 
00026 
00058 
00162 


00239 
00637 
01493 
00118 
00266 
00739 
00071 
00159 
00444 


00034 
0-0078 
0-0225 
00022 
00049 
00136 
00014 
00032 
00089 




00135 
00304 
00845 
00068 
0-0152 
00423 
00041 
00091 
00253 


00020 
00046 
00126 
0-0013 
00029 
0-0080 
00008 
00019 
00053 


00084 
00189 
00526 
00043 
00095 
00263 
00025 
00057 
00158 


00008 
00018 
00050 
00003 
00010 
00028 
00003 
00007 
00018 
00002 
00005 
00014 


00020 
00046 
00128 
00012 
00028 
00077 
00012 
00019 
00055 
00068 
00015 
00043 



For pipes of equal diameter, d, and equal length, I, the velocity 
of the steam alters only in proportion to the quotient a/— » for 

^' = Vo^OOl5-W^ ...... (146) 
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If the resistance, z^j be expressed in percentages of the original 

pressure (in metres of water), it may be seen that — gives the same 

figure exactly for all pressures of air and approximately for all 

pressures of steam. The factor — then remains unaltered for any 

one particular gas or vapour. For in the case of air, which is generally 
used far from its point of liquefaction, the weight of 1 cub. m. is pro- 
portional to the pressure : 1 cub. m. at a double pressure has double 
the weight. But with saturated steam the alteration is only approxi- 
mate : saturated steam of double the pressure has only almost double 
the weight. This approximation is tolerably considerable, but may 
be regarded as sufficient for the present purpose, as the following 
figures show: — 

Steam pressure - 92 186 750 

In the proportion - 1 2 : 816 

Weight of 1 cub. m. 

of steam - - 00822 0162 0*600 
In the proportion - 1 2 : 7*3 

Thus if it is once fixed how much per cent, 
pressure is to be expended in producing the velocity of the steam, there 
is found (for equal lengths and with the above-mentioned inaccuracy) 
for a pipe of each diameter a steam velocity peculiar to it and the 
same for all pressures. 

After we have obtained from Table 30 a view of the loss of 
pressure, which is to be expected with pipes of various diameters, and 
at different tensions and velocities, we then assume for Table 31 a per- 
missible loss of 0*5 per cent, of the available pressure. The length of 
the pipe is taken at 20 m., and then, by means of equation (146), the 
resulting velocities are calculated. In Table 32 are next arranged 
the weights of steam at different pressures, which pass with these 
velocities through pipes of 20 - 900 mm. diameter in one hour. 

Example, — Steam at atmospheric pressure (weight of 1 cub. m., 74=0*6059 kilo.) 
passes through a pipe of 0*1 m. diameter and 20 m. long. The loss in pressure is 

0*5 per cent., i.e., Za — 777: 10 = O'OS. The velocity is then 



1490 


2350 mm. 


16-2 : 


25-54 


113 


1-735 kilos. 


13-74 : 


21-1 


ent. of 


the available 



va 



/ioooxo-1 pom '^^^ ^^o J 



The weight of steam, which passes through the pipe in one hour, is 
D = 16-6 X 0-6069 '^llliiiH^ - 8600 = 275 kilos. 
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Velocity of steam in pipes of 0*025-0-9 m. diameter and 20 m. long, 
at absolute pressures of 4560-54-91 mm., for a 05 per cent, loss 
of pressure. 



Absolute^ 

steam > 

preBsureJ 


4560 


1620 


760 


683-7 


666-7 


195-6 1 64-9 mm. 1 


Atmospheres. 
6 1 2 1 1 


Vacuum. 
126-2 1 198-4 1 471 | 705 mm. 


7 


3-2682 11631 


0-6089 


0-51105 


0-45766 ; 0-2442 006119 kilos.! 


7 


0-0908 


0-0886 


0-0815 


0-0822 


0-0601 


0-0768 


0-06971 


Bore of the 
pipe,d. 


Velocity of the ste&m in the pipe in m. per second. 


6666666666 6 666666666 6666666666 


8-85 
9-47 
10-68 
10-95 
11-68 
12-24 
13-60 
14-50 
16-60 
16-60 

17-33 
19-34 
21-28 


8-38 
9-13 
9-67 
10-61 
1104 
11-86 
12-9 
13-38 
14-87 
16-87 

16-70 
18-61 
20-43 


10-40 

11-04 

11-49 

12-71 

13-4 

14-69 

15-78 

16-60 

18-4 

20-96 


13-87 
14-74 
15-69 

16-07 

18-43 

20-26 

21-9 

23-3 

24-82 

26-1 

28-66 

30-84 

33-07 

36 
36-99 


14-6 
16-47 

16-9 

18-25 

19-88 

21-53 

23 

24-46 

25-73 

28-28 

30-48 

32-48 

34-62 
36-50 


■1 — 

15-6 

17-68 

18-43 

21-28 

22-96 

23-73 

26 

27-37 

29-66 

31-57 

33-4 

35-12 

37 

39-06 

40-3 

41-79 


161 

16-97 

18-61 

20-07 

21-48 

22-8 

24-09 

26-39 

28-47 

30-47 

32-29 

33-9 

36-77 

37-0 

38-87 

40-31 

41-61 

43-07 

44-36 

45-60 
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Table 32. 

The weight of steam, P, in kilos., which passes in one hour through 

abs. to 705*09 mm. vacuum, with 



Abs. pressare, atmo8. 
„ mm. mercury 
Vacuum, „ 


6 
4560 


5 
3800 


4 
3040 


3 
2260 


2 
1620 


1-6 
1140 


1 
760 


Boreof 

the steam 

pipe, d. 

mm. 


Velocity of 
the steam 
in the pipe, 
m. per sac. 


Weight of steam, D, in kilos., which passes 


25 
30 
35 
40 
46 
50 

60 

70 

80 

90 

100 

126 

150 

175 

200 
225 
250 
300 
350 
400 
450 
500 

650 
600 
650 
700 
760 
800 
860 
900 


8-6 

90 

9-5 

10-5 

110 

11-5 

13 

14 

14-5 

16 

15-6 

17 

18-5 

20 

21-5 

23 

24 

26-5 

28-5 

30-5 

32-5 

34 

35-5 

37-5 

38-5 

40-5 

41-5 

43 

44-5 

46 


60 
75 
107 
156 
205 
265 

431 
633 
855 
1119 
1429 
2587 
3814 
5671 


42 

63 

90 

130 

173 

223 

363 

533 

720 

943 

1204 

2169 

3217 

4752 

6600 


34 

51 

73 

106 

140 

181 

294 

432 

684 

766 

977 

1769 

2609 

3853 

6352 
7385 


26 
39 
66 
81 
107 
138 

224 

330 

446 

583 

746 

1341 

1989 

2937 

4080 
6630 


18 
27 
38 
56 
73 
95 

153 
225 
305 
398 
609 
929 
1367 
2018 

2826 
3813 
4923 


42 
56 
72 

117 
172 
232 
304 
388 
700 
1038 
1533 

2156 
2908 
3766 
5999 
8754 


38 
49 

80 
117 
159 
208 
275 
478 
709 
1063 

1472 
1991 
2666 
4086 
6980 
8365 
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Table 32. 

pipes of 25-900 mm. diameter and 20 m. long, at^ pressures of 6 atmos. 
0-6 per cent, loss of pressure. 



0-884 
663-7 
126-2 


0-746 
866-7 
193-7 


0-70 

52S-4 

234 


0-6 

384 

875-6 


0-376 

288-6 

471 


0-267 
195-6 
564-6 


0-196 
148-8 
611-2 


0-168 
117-48 
642-5 


012 

91-98 

668 


0072 

64-91 

706 


through the pipe in one hour, with 0-6 per cent, loss of pressure. 


133 
175 
224 
403 
698 
888 

1242 
1678 
2163 
3447 
5034 
7047 
9608 
12279 


120 
156 
200 
363 
637 
797 

1118 
1508 
1946 
3099 
4536 
6338 
8551 
11044 

13896 


147 
188 
337 
501 
739 

1040 
1407 
1812 
2888 
4226 
6906 
7963 
10290 

12957 


109 
140 
252 
374 
554 

777 
1048 
1353 
2156 
3164 
4407 
5935 
7679 

9679 
12196 


84 
107 
189 
285 
422 

594 
802 
1034 
1647 
2408 
3367 
4540 
5868 

7403 

9318 

11124 

13133 


72 
133 
197 
293 

411 
655 
716 
1140 
1668 
2332 
3144 
4063 

5137 
6453 
7774 
9487 
11138 


57 
103 
154 
226 

318 

431 

554 

886 

1293 

1691 

2438 

3150 

3978 

5003 

6026 

7350 

9703 

10793 

11908 

13814 


46 

83 

123 

183 

255 

345 

643 

709 

1038 

1450 

1955 

2527 

3188 
4014 
4834 
5941 
7400 
8184 
9554 
11080 


37 

66 

98 

144 

202 

274 

353 

563 

823 

1075 

1550 

2001 

2529 
3180 
4000 
4677 
5866 
6485 
7572 
8781 


22-5 
40 
60 
89 

124 
161 
216 
346 
505 
706 
950 
1223 

1550 
1935 
2350 
2872 
3597 
3983 
4663 
5392 
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Table 33. 

The velocities of mixtures of alcohol and water vapours, in pipes of 

loss of 



Alcohol-water vapour. 


Weight of 
1 cub. m. 
of air at 
the tem- 
perature 

u. 

Kilos. 
1041 


Weight of 
1 cub. m. 
of alcohol- 
water va- 
pour at the 
tempera- 
ture U. 

KilM. 


Diameter, 


Alcohol, 
per cent. 

weight. 


Tempera- 
ture. 

U 


Density. 

ffrf 

0-623 


40 


so 60 

1 


Velocities, 





100 


0-648 


11-76 


1311 


14-35 


5 


99-5 


0-643 


1043 


0-670 


11-50 


12-82 


14-08 


10 


99 


0-664 


1-044 


0-693 


11-34 


12-64 


13-89 


16 


98-6 


0-686 


1045 


0-715 


11-18 


12-46 


13-69 


20 


98-3 


0-709 


1046 


0-742 


10-94 


12-19 


13-30 


25 


98 


0-736 


1-047 


0-768 


10-82 


1206 


13-26 


30 


97-2 


0-763 


1-049 


0-799 


10-68 


11-79 


12-96 


35 


96-3 


0-792 


1-062 


0-833 


10-34 


11-50 


12-66 


40 


95 


0-824 


1-056 


0-870 


10-12 


11-28 


12-36 


45 


93-8 


0-859 


1059 


0-909 


9-92 


11-06 


12-12 


50 


92-4 


0-896 


1-060 


0-960 


9-68 


10-77 


11-84 


55 


90-9 


0-937 


1-067 


0-999 


9-42 


10-60 


11-53 


60 


89-5 


0-981 


1071 


1-060 


9-22 


10-28 


11-29 


66 


87-8 


1031 


1-076 


1109 


8-98 


10-00 


1100 


70 


86-3 


1-088 


1081 


1-176 


8-72 


9-72 


10-68 


75 


84-6 


1148 


1086 


1-247 


8-48 


9-45 


10-83 


80 


82-7 


1-214 


1-092 


1-326 


8-20 


914 


1000 


86 


80-5 


1-292 


1-098 


1-418 


7-92 


8-83 


9-70 


90 


79 


1-378 


1-103 


1-620 


7-66 


8-64 


9-38 


95 


78-7 


1-479 


1104 


1-632 


7-42 


8-27 


9-08 


100 


78-4 


1-693 


1-106 


1-750 


7-14 


7-96 


8-74 



Pipes for steam of very low pressure (vacuum) are rarely longer 
than 20 m. Steam pipes for higher tensions are generaUy of much 
greater length. If the pipe is not 20 m. long, but has another length, 
Z.„ the weight of steam, which passes through in one hour, is then 
found by multiplying the weight given in Table 32 by the factor 

? (»7) 



/20 

Vr 
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Table 33. 

40-250 mm. bore and 3 m. long, at a pressure of 11 atmos. abs. and 
O'l per cent, pressure. 



d, of the pipe in mm. 



70 I 80 90 100 125 160 176 200 225 260 



Vd, of the alcohol-water vapour in m. per second. 



16-29 
14-95 
U-74 
14-53 
14-22 

1406 

13-75 

13-44 

131 

12-89 

12-57 
12-24 
11-98 
11-67 
11-33 

1100 

10-66 

10-29 

9-96 

9-65 

9-28 



16-36 
16-10 
15-87 
15-65 
15-31 



17-60 
17-20 
17-01 
16-77 
16-41 



1514 1 16-23 
14-81 1 15-87 
14-47 15-51 



14-17 
13-89 

13-54 
13-18 
12-81 
12-57 
12-21 

11-87 
11-48 
11-09 
10-72 
10-39 

1000 



1518 
14-88 

14-52 
1412 
13-83 
13-47 
13-08 

12-72 

12-3 

11-88 

11-49 

11-13 

10-71 



18-58 
18-17 
17-91 
17-66 
17-28 

17-09 
16-71 
16-34 
15-99 
15-67 

15-26 
14-88 
14-56 
14-17 
13-77 

13-39 
12-95 
12-55 
12-10 
11-72 

11-28 



20-58 
20-13 
19-84 
19-56 
19-15 

18-95 
18-51 
18-10 
17-71 
17-36 

16-90 
16-48 
1613 
15-71 
15-26 

14-84 
14-35 
13-86 
13-40 

12-88 

12-54 



22-93 
22-42 
2211 
21-80 
21-34 

21-10 
20-63 
20-16 
19-74 
19-34 

18-84 
18-37 
17-98 
17-51 
17 

16-53 

16 

15-46 

14-96 

14-47 



13-92 15 

i 



24-69 
24-15 
23-81 
23-47 
22-97 

22-72 
22-21 
21-72 
21-25 
20-80 

20-28 
19-78 
19-36 
18-85 
18-31 

17-80 
17-22 
16-63 
16-10 
15-58 



26-28 
25-85 
25-34 
24-96 
24-45 

24-19 
23-64 
23-10 
22-61 
2217 

21-59 
21-05 
20-60 
20-07 
19-49 

18-75 
18-32 
17-70 
1712 
16-58 

15-96 



27-90 
27-31 
26-93 
26-55 
25-98 

25-69 
25-13 
24-56 
2413 
23-56 

22-94 
22-37 
21-89 
21-33 
20-71 

20-14 
19-47 
18-81 
18-19 
17-62 

16-96 



29-4 

28-74 

28-35 

27-95 

27-35 

2705 
26-45 
25-85 
25-30 
24-80 

24-15 
23-75 
2305 
22-45 
21-80 

21-20 
20-50 
19-80 
19-15 
18-75 

17-85 



If some other loss of pressure, z„ (not 05 per cent.), is assumed in 
the pipe, then, in order to correct Table 32, the weight of steam there 

given must be multiplied by -W ^rv, in which expression z„ is to be 
inserted as a percentage. 

Example. — If there be 1 per cent, loss of pressure, ««=1 ; if 6 per cent., jr«i=6. 
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In order to obtain the weights of steam for the length, l^, and the 
loss of pressure, z„f the weights in Table 32 must be multiplied by 

V?I=Vi^ <•«> 

Since, in practice, the weight and the original pressure of the steam 
to be passed through a pipe in one hour are generally known, the 
necessary diameter of the pipe can be found in Table 32, 34 or 35 
{for lengths of 20 m. and a loss of pressure of 0*5 per cent.). For 
other lengths and other losses of pressure equation (148) must be used. 

B. For Mixtures of Alcohol and Water Vapours. 

Table 34 gives the weights of mixtures of the vapours of alcohol 
and water, which can be conducted in one hour through pipes of 
different diameters without considerable loss of pressure. In calculat- 
ing this table it was assumed that the same formulsB hold good for this 
mixture of vapours as for pure water vapour. But since such vapours 
are taken as a rule only through short connecting pipes between the 
•different parts of rectifying and distilling apparatus, and since the 
pressure in such apparatus is always kept as low as possible, a pipe 
3 m. long and a loss of pressure of 10 mm. of water {z = 001) were 
taken as the basis of the table. 

In the apparatus mentioned the pressure is generally about 1*1 
atmos. absolute, thus the value for j? to be introduced into the 
calculation is 10,336 + 1033 = 11,369. 

The alcohol- water vapours may have any desired composition, the 
mixtures vary from 1-99*8 per cent, of alcohol by weight. Each of 
these mixtures has a different specific gravity and boiling point, there- 
fore it was necessary to determine for each the weight of 1 cub. m. at 
its temperature and at atmospheric pressure. 

The temperatures of the various mixtures of vapour of alcohol and 
water at atmospheric pressure are known ; their densities were taken 
from a paper pubhshed by the author. Thus the weight of 1 cub. m. 
of air at a pressure of 11 atmos. and at the temperature of each of 
the mixtures of vapour (calculated at intervals of 5 per cent.), multi- 
plied by the density of the corresponding mixture of alcohol and 
water vapours, gives the true weight of 1 cub. m. of alcohol- water 
vapour at a pressure of 11 atmos. absolute. 
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By means of equation (144) 



n 



^^'^ (149) 



10015^7^ 

by inserting the values : Z « 3, 2r^ = 001, y^ = 0*648 to 1*75, d = 0*04 
to 0'25, the corresponding velocities of these vapours in pipes of 
40-250 mm. bore were found. The results of these calculations are 
arranged in Table 33. 

From the velocities and the densities of the particular mixture of 
alcohol and v^rater vapours, (Table 33) v^rere then readily obtained the 
weights which pass, at a pressure of 1*1 atmos. abs. and with a loss 
in pressure of z^ = 001 m. of water, through pipes 3 m. long of 
various bores. The results are given in Table 34. 

C. For Air. 

The loss of pressure of rarefied air in moderately long tubes haa 
not, to the author's knowledge, been investigated. On the other 
hand, there have been the following researches on the loss of pressure 
of compressed air in long pipes : — 

1. Chief Engineer H. Stockalper at the St. Gotthardt tunnel 
(1880), with pipes of 200 mm. bore and 4500 m. length, and 150 mm. 
bore and 642 m. length. Air pressure, 3 -6-5 "4 atmos. abs. Velocity^ 
4-7-11-3 m. 

2. Prof. A. Devillez and Engineers Cornet and Mahiva at the 
Colliery Levant du F16nu (1881), with pipes of 125 mm. bore and 
981 m. long, and 73 mm. bore and 172 m. long. Air pressure, 33- 
5*3 atmos. abs. Velocity, 2-12'2 m. 

3. Profs. Gutermuth and Eiedler at the compressed air installation 
in Paris (1890), with pipes of 300 mm. diameter and 16,502, 8759, 
4403 and 3340 m. long. Air pressure, 6'2-8 atmos. abs. Velocity, 
2-7-8-6 m. 

4. Prof. H. Lorenz at the compressed air installation at Offenbach- 
on-Maine, on 17th January, 1892. with pipes of 100 mm. bore and 
299 m. long. Air pressure, 67 atmos. abs. Velocity, 7'8-9-3 m. 

Riedler and Gutermuth gave for the loss of pressure {zi in kilos, 
per sq. cm.), as the result of their experiments, 

''"Wo^d""' (^^> 

or b, . 101" . d ,,_,, 

"'°V 533ZY ^^^^> 
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Table 34. 

The weight of mixtures of alcohol and water vapours, in kilos., which 

at 11 atmos. absolute pressure with 01 per 







Diameter, d, of the pipe in mm. 




Alcohol 














vapour, 










1 




per cent. 


40 


50 


60 


70 


1 80 


90 


weight. 


















Weight in kilos, of the mixture of alcohol and 





34 


57-7 


93 


134 


191 


268 


5 


35 


58-3 


94 


137 


194 


261 


10 


35-3 


59-6 


96 


139 


197 


267 


16 


36 


60-5 


97 


141 


201 


272 


20 


36-5 


61-4 


101 


146 


204 


276 


25 


37-3 


62-9 


102 


148 


209 


282 


30 


38 


63-9 


103 


161 


213 


288 


35 


39 


65-2 


105 


163 


217 


293 


40 


40 


66-6 


108 


156 


222 


300 


45 


40-5 


68 


110 


161 


227 


307 


50 


41-4 


69-5 


113 


163 


231 


311 


56 


42-4 


71-4 


115 


167 


237 


320 


60 


43-6 


73-4 


119 


173 


242 


330 


65 


44-8 


75-4 


122 


177 


250 


339 


70 


45-6 


77-5 


126 


181 


267 


367 


76 


47-6 


80 


130 


188 


266 


359 


80 


48-7 


82-7 


133 


192 


273 


368 


86 


60-6 


861 


138 


198 


282 


378 


90 


62-4 


88-8 


143 


207 


292 


396 


95 


64-5 


92-2 


148 


215 


304 


410 


100 


56-62 


94-8 


154 


223 


317 


426 



For a loss of pressure of 0*5 per cent, in pipes 20 m. long, the 
permissible air velocities would be, according to this equation, in 
pipes of the 



Bore 



50 
13-8 



60 

14-8 



70 
16 



80 
17-26 



90 
1817 



100 
19-38 



125 mm. 

221 m. per sec. 
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Table 34. 

passes in one hour through pipes of 40-250 mm. bore and 3 m. long, 
cent, loss In pressure (10 mm. of water). 







Diameter 


, d, of the pipe in mm. 






100 


125 


150 


175 


200 


225 


250 


water vapo 


urs which passes through the pipe 


in one houi 


r. 




336 


587 


940 


1385 


2045 


2674 


3394 


340 


594 


950 


1393 


2077 


2680 


3402 


347 


606 


970 


1429 


2109 


2688 


3470 


366 


617 


986 


1449 


2134 


2714 


3528 


359 


627 


1000 


1472 


2145 


2756 


3585 


367 


643 


1025 


1510 


2178 


2817 


3670 


374 


653 


1043 


1535 


2184 


2869 


3733 


378 


666 


1061 


1664 


2198 


2922 


3802 


389 


681 


1081 


1600 


2223 


2993 


3889 


399 


693 


1111 


1636 


2276 


3060 


3985 


405 


707 


1186 


1668 


2317 


3117 


4052 


417 


727 


1218 


1714 


2378 


3199 


4195 


428 


746 


1251 


1757 


2444 


3286 


4275 


440 


767 


1287 


1809 


2509 


3381 


4397 


453 


789 


1326 


1860 


2576 


3481 


4506 


467 


816 


1365 


1913 


2648 


3583 


4629 


480 


836 


1400 


1963 


2721 


3691 


4770 


498 


868 


1445 


2030 


2890 


3813 


4966 


514 


890 


1509 


2208 


2940 


3952 


6141 


524 


924 


1558 


2230 


3050 


4111 


5400 


554 


970 


1697 


2286 


3173 


4228 


5550 



Bore 150 175 200 225 250 300 mm. 

V, 241 2619 27-25 2861 3029 3331 m. per sec. 



Professor H. Lorenz, who published a re-calculation of the older 
researches and of his own in the Zeits. d. V. d. I., 1892, pp. 621 and 
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Tablb 35. 

The weight of air, L (at !&" C), which passes in one hour through 
pipes of 40-350 mm. diameter and 20 m. long at vacua of 0-740 
mm. and 0*5 per cent, loss of pressure. 







Absolute pressure of the air in mm. 1 


1620 


760 


190 


160 


120 


110 


55 


35 


20 


Dift. 


Velocity 
of the 






























meter 


air in 




Vacuum in mm. 








of the 


the 












pipe, 


1 




1 1 








Vi. 


-1 


670 


1 610 640 

1 1 


660 


706 


725 


740 


Weight of air, 


L, in kilos., which passes through the | 








pipe in one hour. 








mm. 


m. 












40 


8-3 


90 


45 


11-4 


9-2 


7-4 


6-7 


3-8 


21 


1-2 


50 


9-2 


164 


77 


20 


15-7 


12-5 


10-5 


6-7 


3-7 


2-9 


60 


10-2 


272 


136 


35 


27-6 


22 


20 


10 


6-4 


3-7 


70 


11-4 


880 


190 


48 


37-6 


80 


28 


14 


9 


5-0 


80 


12-8 


566 


278 


70 


56-2 


45 


42 


20 


13 


7-4 


90 


18-8 


766 


383 


98 


76-4 


61 


66 


28 


18 


10-3 


100 


14-5 


988 


494 


126 


100 


79 


73 


86 


23 


18 


126 


16-8 


1786 


893 


228 


180 


148 


132 


66 


42 


24 


160 


19 


2910 


1465 


380 


298 


233 


213 


106 


68 


40 


175 


21 


4380 


2190 


670 


440 


351 


322 


160 


102 


60 


200 


23 


6266 


3133 


798 


626 


600 


462 


230 


147 


84 


250 


26-6 


10788 


5394 


1368 


1080 


864 


802 


400 


252 


144 


800 • 


80 


18894 


9197 


2337 


1840 


1470 


1860 


674 


430 


246 


360 


33 


27674 


13772 


3616 


2750 


2200 


2090 


1040 


641 


870 



835, was led to the following empirical formula, which gives results 
in excellent agreement with all the experiments quoted : — 



whence 






(162) 
(153) 



If z, be expressed as a percentage, x, of p^, then «, = x^riPm ^"^'^ 

. . (154) 



I mP"'^ / 



xT 

100^8 . 273 . i 
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In this equation, if p^ denotes the absolute pressure at the beginning, 

p^ at the end, then p^ =« ^^ ^ ^' = the mean absolute pressure ; 

jBTj = p„ - j9. = the loss of pressure in kilos, per sq. m. T is the mean 
absolute temperature of the air ; I the length of the pipe in m. ; i;, the 
velocity of the air ; d the diameter of the pipe in mm. ; )8 is a factor 
dependent on the diameter of the pipe. 



The values of j8, according to Lorenz, calculated for pipes of 
various diameters, are: — 

Diameter, (i= 60 76 100 126 160 

)8 = 0003103 0-001824 0*001267 0000934 0000736 

Diameter, d = 176 200 260 300 360 

)8 = 0000601 00006004 0000377 0000297 0000243 

Equation (164) gives, for the same loss of pressure, a somewhat 
lower velocity of the air as permissible than equalion (161). In the 
want of decisive experiments we shall assume that equation (164) 
also holds good for air-pipes in which there is a considerably lower 
pressure than the atmospheric. Table 36 has therefore been calcu- 
lated by means of it ; it gives the weight of air, L, passing in one 
hour through pipes of 60-300 mm. diameter and 20 m. long, with 
0-6 per cent, loss of pressure. 

The results of the present chapter may be briefly, though some^ 
what inaccurately, expressed, for the most ordinary cases, as 
follows : — 

The tubes for the evaporation of 100 kilos, of water per hour may 
be given the following sections : — 

For the supply of heating steam at 3*00 atmos. abs. 2*6-3 sq. cm. 

1-26 „ 7-12 „ 

For exhaust steam at 100 atmos. abs. - - 6-12 ,, 

„ „ 126 mm. vacuum - - 8-16 „ 

260 „ - - 10-20 „ 

700 „ - - 60-100 „ 

For exhausted air at 700 „ - - 1-4 „ 
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CHAPTER XVIII. 

THE! DIAMETER OF WATER PIPES. 

The quantity of water, which can flow in a definite time through a 
system of pipes, depends upon the pressure which produces the 
movement and on the hindrances (bends, branches, constrictions, 
roughnesses of wall) which obstruct the flow in the pipe. 

It may be assumed that (apart from pumps, pressure and suction 
pipes, which are not considered here) the pressure, which causes the 
motion of the water, is provided either alone by a water-vessel placed 
at a high level, in which case the pressure may be that of a column 
of water 0*5-15 m. high, or alone by a vacuum condenser, in which 
case the pressure is equal to the vacuum measured in metres of 
water minics the height from the point at which the water enters the 
condenser to the water level Since the vacuum in the condenser 
is always lower than the theoretical, the pressure just mentioned 
(even assuming that the water level is at the height at which the 
water enters the condenser) is at most 10 m. in practice. 

Finally, the pressure causing the flow of water may be due to a 
water vessel at a high level and to the vacuum in the condenser. In 
this case the maximum pressure of 10 + 15 = 25 m. is rarely 
exceeded. 

We shall now determine the quantities of water which can flow in 
one hour through pipes of various diameters with heads of 0-5-25 
m. of water. It is necessary to calculate in each case the actual 
velocity, v^, with which the water moves. 

Let v^ = the velocity of the water in m. per second. 
h^ s the total available pressure in m. of water. 
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Then the velocity theoretically produced at the end of the pipe is 

^).= ^/§P: (166) 

*"" K-^ (167) 

This theoretical velocity is never attained, since in every system of 
pipes there are several conditions (resistances) which retard the flow 
of the water. We may assume that of the total available head or 
pressure of water, h^, portions, h^, h^y h^, etc., must be used to over- 
come each of these resistances. These heads are therefore known as 
'* heads of resistance ". Each of these pressures, h^, h^^ h^, would (if 
there were no resistance to overcome) impart to the water a corres- 
ponding velocity, Vj, t^g, V3, so that, if v„ be the velocity actually 
attained and h the head of water theoretically necessary to produce 
this velocity, the total available pressure, h^ =^ h + h^ + h^ + h^ + 
. . . , would produce the velocity, v., + Vj + ^2 + t^3 + . . . , i.e., 

fe. = ;. + fc, + /., + A, = ^-%| + ;^ + |\ . (158) 

Now ^1, h.^, h^ may be written as fractions of the height, fe, then 

K^h-^C.h + Cih + izh (159) 

in which h is the head theoretically necessary to produce the actually 
attained velocity, v„. 

iv ^2* iz ^^ known as the coefficients of resistance. 

Since ^ = ^ » therefore 
% 

""^ A. = I' (1 + ^1 + ^2 + is) (161) 

Hence the real velocity of water in pipes is 



n/i + ij + <;2 + is 



(162) 



The coefficients of resistance are estimated as parts of the height, 
A:— 
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fi = 0*506 is the coefl&cient of resistance for the entry of water 
from the tank into the pipe. It ranges from 008-0-606. If the 
mouth of the pipe be rounded and made conical, (^ is small, but for 
safety it will be taken as 0*505. 

^2 = 0*805 is the coefficient for bends. For right-angled elbows, 
the radius of the bend of which, r = Sd (d ^ diameter of the pipe), 
{g may be put 0*161. In the following Table 36, five bends are 
assumed for each pipe, thus f g = 5 x 0*161 = 0*805. 

{j =s 0*6 denotes the resistance of a tap or valve. If these are 
almost completely open, {3 may be put 0*6, but as soon as the taps or 
valves are more or less closed the coefficient of resistance increases 
enormously. 

{4 = 1 is the resistance which arises through the entry of water 
into a vessel. If the section of the pipe be Q, and that of the vessel 

Qi, then the velocity, v, in the pipe becomes v^ in the vessel. The 

resistance head is therefore 






29 



. . . (163) 



But ^ = o- ft^d K == U^f therefore 



(^-|T=^ (^«*> 

If Oi be very great in proportion to Q, as is almost always the 
case, the fraction ~ becomes very small and (l - ^ ) differs but 
little from unity. Thus we shall assume that {4 = 1. 

{g =s X- = the coefficient for the friction in the pipe. X is found 
by Darcy's formula: 

X„ 001989 + 2:59^ (165) 

This coefficient must be separately found for every diameter and 
every length of pipe. In the following small table are given the 
values of X for diameters from 0*020 to 0*450 m. 
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According to equation (165) : — 

For d= 20 26 30 35 40 45 mm. 

X = 004528 004019 003682 003439 003259 003120 
¥oTd= 50 60 70 80 90 100 mm. 

X = 003004 002838 002718 002624 002553 002497 
¥oTd=: 125 150 175 200 225 250 mm. 

X = 002394 002327 002279 002231 002214 002192 
For d = 300 350 400 450 mm. 

X = 0-02155 002135 002115 002101 

On the assumptions made above, the equation for calculating the 
velocity of water in cylindrical pipes is 

^^^^ . . (166) 



4 



1 + fl + ^2 + fs + f* + ^^ 



^.= V2^/^. = . ^^^^- (167) 

J I + 0-505 + 5 X 0161 + 0-6 + X^ ^391 + X^ 

This equation has been employed in calculating Table 36, from it 
was found the velocity, v^ of water in pipes of 30-225 mm. diameter, 
for heads of h^ = 0*5-25 m., and lengths of pipe of I = 10-100 
m. The quantities of water, TT, flowing through the pipe in one 
hour were then calculated from the velocities. 

Since the figures of Table 36 always give the greatest quantity of 
water flowing through the pipe under the conditions assumed, it is 
necessary for practical use to add to the diameter of the pipe or 
to subtract from the quantity of water thus determined, especially in 
view of the possible occurrence in the pipe of a larger number of 
bends, branches, alterations of section and valves, and increased 
roughness of the inner surface. 
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Table 36. 
The quantity of water, TF, in cub. m., which flows in 1 hour through 

under heads of water of 0*5-25 m. 



Head of 


Length 


Bore of pipe in mm. 














water, 


of pipe, 


30 


86 


40 


45 


60 


60 


*- 














Quantity of water, W 


in cub. m 


. per hour 




m. 


m. 














0-5 


10 


20 


2-9 


41 


5-5 


6-9 


10-9 




20 


1-5 


2-2 


31 


4-2 


5-6 


8-7 




40 


1-4 


1-7 


2-3 


3-2 


4-2 


6-5 




60 


0-9 


1-3 


1-8 


2-6 


3-6 


5-6 




80 


0-8 


1-2 


1-6 


2-3 


2-9 


4-9 




100 


0-7 


11 


1-5 


21 


2-7 


4-4 


10 


10 


2-8 


41 


6-8 


7-8 


9-8 


15-3 




20 


2-2 


31 


4-4 


6-0 


7-8 


12-3 




40 


1-6 


2-4 


3-3 


4-5 


6-8 


9-2 




60 


1-3 


1-9 


2-6 


3-7 


4-9 


7-9 




80 


1-2 


1-7 


2-4 


31 


41 


71 




100 


0-9 


1-6 


2-2 


30 


3-9 


6-2 


20 


10 


4-3 


5-8 


81 


11-0 


13-8 


21-8 




20 


31 


4-4 


6-3 


8-5 


HI 


17-4 




40 


2-3 


3-3 


4-7 


6-3 


8-3 


131 




60 


1-8 


2-7 


3-7 


5-3 


70 


11-3 




80 


1-6 


2-3 


3-4 


4-6 


5-9 


100 




100 


1-5 


2-2 


31 


4-2 


5-5 


8-9 


30 


10 


60 


71 


9-8 


13-6 


160 


26-6 




20 


3-8 


6-5 


7-7 


10-4 


12-8 


21-3 




40 


2-8 


41 


5-7 


7-8 


9-6 


160 




60 


2-2 


3-3 


4-6 


6-5 


8-0 


13-8 




80 


1-9 


2-9 


41 


6-6 


6-9 


12-3 




100 


1-6 


2-7 


3-8 


5-2 


6-4 


10-8 


40 


10 


5-7 


8-2 


11-2 


15-6 


19-6 


30-8 




20 


4-3 


6-3 


8-7 


120 


15-6 


24-6 




40 


3-2 


4-7 


6-5 


90 


11-7 


18-4 




60 


2-6 


3-8 


5-2 


80 


9-8 


160 




80 


2-2 


3-4 


4-7 


6-6 


8-9 


14-3 




100 


21 


31 


4-3 


60 


7-8 


12-3 
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Table 36. 
pipes of 30-225 mm. diameter and 10, 20, 40, 60, 80, 100 m. long, 
(5 elbows and 1 valve assumed). 



Bore of pipe in mm. 


70 


80 


90 


100 


125 


150 


176 


200 


225 


Quantity of water, W, in cub. m. per hour. 


16-7 


210 


27-9 


35-7 


57-9 


84-8 


117-1 


156-7 


203-1 


12-6 


17-6 


23-2 


29-6 


49-7 


750 


106-4 


142-4 


184-6 


9-7 


13-6 


18-6 


21-7 


39-7 


600 


85-7 


113-9 


147-7 


8-3 


11-6 


15-3 


20-7 


34-8 


55-1 


81-9 


109-6 


1421 


7-3 


10-6 


13-9 


18-6 


31-3 


49-6 


74-5 


99-7 


129-2 


6-6 


9-6 


12-8 


16-3 


29-8 


450 


70-2 


951 


121-7 


22-3 


31-0 


39-5 


491 


81-4 1200 


165-7 


220-6 


288-1 


17-8 


25-8 


32-9 


41-8 


70-2 


106-2 


150-6 


202-3 


261-9 


13-7 


19-9 


26-3 


33-3 


561 


84-9 


120-6 


161-9 


209-5 


10-7 


160 


21-7 


29-2 


491 


78-0 


115-9 


155-8 


201-6 


9-4 


16-5 


19-7 


26-3 


44-2 


70-1 


105-4 


141-6 


183-3 


9-4 


14-2 


181 


23 


421 


64-3 


99-8 


133-5 


172-8 


31-6 


421 


49-7 


69-4 


115-7 170-4 


234-2 


315-9 


406-6 


25-3 


351 


41-4 


59-3 


99-8 150-7 


212-9 


287-2 


369-7 


19-4 


271 


331 


47-4 


79-8 1 120-5 


170-3 


229-7 


295-7 


16-7 


23-2 


27-3 


41-5 


69-8 '■ 110-8 


162-8 


221-1 


284-6 


14-6 


21-0 


24-8 


37-3 


62-8 i 99-4 


149-0 


201-0 


258-7 


12-9 


19-3 


22-8 


32-6 


59-8 90-4 


140-6 


189-6 


244-0 


39-2 


521 


68-4 


86-9 


141-4 


209-1 


287-6 


386-8 


604-8 


31-4 


43 


570 


72-9 


121-9 


185-1 


261-4 


351-6 


468-0 


24-2 


33-2 


45-6 


58-3 


97-5 


1480 


209-1 


281-3 


364-4 


20-7 


28-4 


37-6 


510 


85-0 


136-0 


201-3 


270-7 


352-6 


18-2 


25-8 


34-2 


45-9 


76-8 


122-1 


183-0 


2481 


319-6 


16-5 


23-6 


31-6 


400 


731 


111-0 


172-6 232-0 


302-2 


44-6 


450 


78-8 


981 


163-9 


243-5 


333-3 


447-7 


580-9 


36-7 


37-5 


66-7 


83-9 


141-3 


215-6 


303 


407-0 


628-1 


27-5 


28-9 


526 


671 


113-0 


172-5 


242-4 ' 325-6 


422-6 


23-5 


24-7 


43-3 


58-7 


98-9 


158-4 


233-3 1 313-4 


406-6 


21-4 


22-5 


39-4 


52-8 


89-0 


141-2 


212-1 , 284-9 


369-6 


19-6 


20-5 


361 


461 


84-8 


129-3 


199-8 1 266-2 


332-6 
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Table 36 — (contintied). 



Head of 

water, 

ft- 

m. 


Length 
of pipe, 

m. 


Bore of pipe in mm. 


30 


85 


40 


46 


SO 


60 


Quantity of water, W, in cub. m. per hour. 


50 


10 
20 
40 
60 
80 
100 


6-3 
4-9 
3-6 
2-9 
2-5 
2-3 


8-6 
6-6 
4-9 
3-9 
3-6 
3-2 


12-9 
9-9 
7-4 
^ 5-9 
5-4 
4-9 


17-6 

13-4 

101 

8-6 

7-4 

6-7 


22-8 
17-5 
131 
110 
90 
8-7 


340 
261 
19-6 
16-7 
14-9 
131 


60 


10 
20 
40 
60 
80 
100 


7-9 
5-3 
4-0 
3-2 
2-7 
2-6 


100 
7-7 
5-8 
4-6 
4-2 
3-8 


14-2 
10-9 
8-1 
6-6 
60 
6-4 


191 

14-7 

110 

9-2 

81 

7-3 


260 
19-2 
14-4 
121 
10-9 
9-6 


360 
27-7 
20-7 
180 
15-7 
13-7 


70 


10 
20 
40 
60 
80 
100 


7-7 
5-7 
4-3 
3-4 
30 
2-7 


10-8 
8-3 
6-2 
5-2 
4-6 
41 


15-3 
11-8 
8-8 
71 
6-5 
5-9 


20-6 
15-9 
11-9 
100 
8-7 
7-9 


270 
20-8 
16-6 
131 
11-8 
10-4 


40-2 
30-9 
23-2 
201 
17-6 
16-4 


80 


10 
^0 
40 
60 
80 
100 


8-1 
61 
4-6 
3-7 
3-2 
2-9 


11-6 
8-9 
6-7 
5-3 
4-9 
4-4 


16-3 . 
12-6 

9-4 

7-5 

6-9 

6-3 


221 
170 
12-7 
10-7 
9-3 
8-5 


28-8 
22-2 
16-6 
140 
12-6 
111 


44-9 
34-6 
25-9 
21-6 
19-7 
17-2 


90 


10 
20 
40 
60 
80 
100 


8-5 
6-5 
4-9 
3-9 
3-4 
3-6 


12-4 
9-6 
71 
5-7 
4-9 
4-5 


17-4 

13-4 

100 

80 

7-3 

6-7 


23-7 32-3 
18-2 1 24-8 
13-6 ; 18-6 
11-4 1 15-7 
100 141 
91 12-4 


47-7 
36-7 
27-5 
23-8 
21-2 
18-7 
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Table 36 — {continued). 



Bore of pipe in mm. 


70 


80 


90 


100 


125 


150 


175 1 200 

1 1 


225 






Quantit 


y of water, W, in cub. m. per hour. 




600 


66-6 


87-9 


110-1 


183-4 


272-4 


371-4 


499-7 


645-6 


400 


56-5 


73-2 


941 


168-1 


241-0 


337-6 


454-2 


586-8 


30-8 


42-7 


58-6 


75-2 


126-6 


192-8 


270-1 


363-4 


469-4 


26-4 


36-6 


48-3 


65-8 


110-6 


177-1 


259-7 


338-7 


451-8 


23-2 


33-3 


43-9 


59-2 


99-6 


159-1 


236-3 


317-9 


410-7 


210 


30-6 


40-3 


51-7 


94-8 


144-6 


222-8 


299-8 


387-3 


531 


73-5 


98-5 


120-6 


202-7 


294-7 


408-6 


649-6 


708-4 


42-4 


61-3 


81-2 


103-1 


172-7 


260-8 


371-4 


499-7 


6440 


32-7 


47-2 


650 


82-5 


138-1 


208-6 


297-1 


399-7 


616-2 


280 


40-4 


62-4 


72-4 


120-8 


191-6 


301-3 


384-7 


495-9 


24-6 


38-7 


48-7 


64-9 


108-8 


172-1 


269-9 


349-7 


450-8 


22-2 


36-7 


47-8 


60-9 


103-6 


156-4 


246-1 


329-8 


424-0 


48-4 


801 


104-4 


129-6 


215-9 


316-9 


439-0 


602-0 


763-6 


46-7 


66-7 


87-0 


110-7 


185-5 


280-5 


399-1 


538-2 


694-1 


35-9 


51-4 


71-6 


88-7 


148-4 


224-4 


319-3 


430-5 


635-3 


30-8 


44-0 


57-4 


77-6 


129-8 


206-1 


305-1 


314-4 


634-5 


271 


400 


53-6 


69-8 


116-8 


185-1 


279-4 


376-7 


485-9 


27-9 


36-7 


47-8 


60-9 


111-3 


168-3 


260-5 


355-2 


4581 


650 


84-6 


112-6 


138-8 


232-7 


339-5 


470-4 


628-1 


818-7 


520 


70-5 


93-8 


118-6 


199-2 


302-1 


427-7 


671-0 


744-2 


400 


54-3 


75-1 


95-1 


159-4 


241-7 


342-1 


466-8 


596-4 


34-3 


46-5 


61-9 


83-0 


139-4 


222-1 


329-3 


439-6 


673-0 


27-7 


42-3 


56-3 


74-7 


125-4 196-6 


299-3 


399-7 


520-9 


27-3 


38-8 


52-7 


65-2 


119-5 


183-7 


281-6 


376-6 


490-0 


670 


90-9 


117-9 


145-7 


245-9 


362-2 


497-1 


670-3 


865-9 


63-6 


75-7 


98-3 


124-6 


212-0 


320-6 


451-9 


609-4 


787-2 


41-2 


58-5 


78-6 


99-7 


169-6 


266-4 


371-5 


487-6 


629-7 


34-7 


50-5 


64-8 


87-2 


148-4 


235-6 


347-9 


469-2 


606-1 


321 


45-4 


57-9 


78-5 


133-6 


211-5 


316-3 


426-6 


5510 


29-4 


41-6 


54-0 


74-7 


127-2 


192-3 


298-2 


402-2 


519-5 
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Table 36 — (continued). 



Head of 


Length 


Bore of pipe in mm. 














water, 


of pipe, 


30 


85 


40 


45 


60 


60 


ft.. 


/. 














Quantity of water, W, in cub. m 


». per hour 




m. 


m. 
10 














100 


8-9 


130 


18-3 


261 


31-6 


48-5 




20 


6-9 


100 


141 


19-3 


26-3 


38-8 




40 


61 


7-5 


10-6 


14-5 


190 


291 




60 


4-1 


60 


8-4 


12-2 


160 


25-2 




80 


3-6 


5-5 


7-7 


10-6 


14-4 


22-5 




100 


30 


5-0 


70 


9-6 


12-6 


19-8 


110 


10 


9-4 


13-6 


19-3 


26-0 


32-6 


611 




20 


7-2 


10-6 


14-9 


200 


261 


40-8 




40 


5-4 


7-8 


111 


160 


24-4 


38-3 




60 


4-3 


6-3 


8-9 


12-6 


16-5 


26-5 




80 


3-8 


5-8 


8-1 


11-0 


14-8 


23-7 




100 


' 3-5 


5-2 


7-4 


100 


130 


20-8 


120 


10 


100 


14-3 


19-5 


27-3 


33-6 


53-3 




20 


7-5 


110 


150 


21-1 


26-8 


42-7 




40 


6-6 


8-3 


11-3 


15-8 


201 


32-6 




60 


4-3 


6-6 


90 


13-2 


170 


27-7 




80 


3-9 


60 


81 


11-6 


15-3 


24-7 




100 


3-7 


5-4 


7-4 


10-6 


13-4 


21-7 


130 


10 


10-2 


14-8 


20-8 


28-2 


35-3 


56-8 




20 


7-8 


11-4 


16-0 


21-7 


28-3 


44-6 




40 


5-9 


8-5 


120 


16-3 


21-2 


33-4 




60 


4-7 


6-8 


9-6 


13-6 


17-9 


290 




80 


4-2 


6-2 


8-8 


11-9 


160 


26-8 




100 


3-8 


5-6 


80 


10-8 


140 


22-7 


14-0 


10 


10-6 


15-2 


20-7 


29-2 


38-4 


69-4 




20 


8-2 


11-7 


16-7 


22-4 


29-6 


46-7 




40 


61 


8-8 


12-5 


16-8 


221 


34-3 




60 


4-9 


70 


100 


13-6 


18-0 


27-9 




80 


4-4 


6-4 


9-1 


12-3 


16-2 


260 




100 


40 


5-8 


8-3 


11-2 


14-7 


22-7 



THE DIAMETER OF WATER PIPES. 187 

Table 36 — {contintLed). 









Bore of pipe in mm. 






70 


80 


90 


100 


125 


150 


176 


200 


225 


Quantity of water, W, in cub. m. per hour. 


71-4 


93-7 


120-9 


154-4 


258-7 


1 1 
391-8 ! 524-7 1 707-7 


913-1 


56-3 


78-1 


103-3 


133-1 


223 


337-7 477-0 


643-3 


830-1 


43-4 


60-2 


82-6 


106-4 


178-4 


270-1 381-6 


614-6 


730-6 


37-2 


51 o 


68-1 


931 


1561 


249-1 


345-3 


495-3 


639-2 


32-6 


46-8 


61-9 


83-8 


140-5 


222-9 


333-9 


450-3 


681-1 


28-2 


429 


56-8 


73-2 


133-8 


202-6 


314-8 


424-6 


547-8 


74-3 


98-1 


130-6 


163 


269-2 


391-8 


525-9 


700-4 


954-1 


59-4 


81-7 


108-8 


139-6 


2341 


366-6 


478-1 


672-7 


867-3 


45-7 


630 


87-0 


119-6 


187-2 


284-4 


382-5 


538-2 


693-8 


37-2 


53-9 


71-8 


97-7 


163-8 


261-3 


368-1 


414-4 


667-8 


34-4 


490 


66-2 


87-8 


147-4 


234-6 


334-7 


370-9 


607-1 


29-8 


44-9 


69-8 


76-7 


140-4 


213-3 


315-5 


356-1 


572-4 


75-6 


1020 


136-0 


171-2 


286-3 


416-8 


686-1 


771-1 


1006-0 


60-5 


850 


113-3 


145-5 


245-1 


368-9 


623-8 


701-0 


914-6 


46-5 


66-4 


90-6 


116-4 


216-1 


295-1 


4190 


560-8 


731-6 


39-9 


561 


74-8 


101-8 


171-5 


271-1 


403-3 


539-7 


704-2 


350 


610 


680 


91-6 


164-4 


243-4 


366-6 


490-7 


640-2 


30-3 


46-7 


62-3 


800 


147-0 


221-3 


345-7 


462-6 


603-6 


80-7 


107-4 


i 142-8 


176-8 


293-6 


434-8 


599-9 


807-2 


1039-1 


64-6 


89-5 


1 119-0 


151-1 


253-9 


384-8 


645-4 


733-8 


1 944-6 


49-7 


76-9 


1 95-2 


120-9 


203-1 


307-8 


436-3 


587-1 


1 756-7 


31-6 


590 


1 78-5 


106-8 


177-7 


284-1 


419-9 


565-1 


727-3 


37-4 


53-7 


71-4 


96-2 


160-0 


253-9 


381-8 


513-6 


661-2 


32-5 


49-2 


65-4 


.83-1 


162-3 


230-9 


359-9 


484-3 


623-4 


83-3 


111-7 


148-1 


183-5 


304-8 


452-1 


619-0 


839-5 


1078-4 


66-6 


93-8 


123-4 


156-8 


262-8 


4001 


562-7 


763-2 


980-4 


51-3 


71-8 


98-7 


125-4 


214-2 


3200 


450-2 


610-6 


784-3 


43-9 


61-4 


81-4 


111-7 


183-4 


2940 


425-6 


587-6 


754-9 


38-6 


55-9 


74-0 


98-8 


196-5 


263-0 


393-9 


534-2 


686-3 


34-9 


61-2 


67-8 


86-2 


157-6 


240-0 


371-4 


510-0 


647-0 
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Table 36 — (continued). 



Head of 


Length 


Bore of pipe in mm. 














water, 


of pipe, 


SO 


85 


40 


45 


60 


60 


Quantity of water, W 


, in cub. m. per hour 


. 


m. 


m. 














150 


10 


10-9 


15-7 


22-3 


30-4 


39-6 


621 




20 


8-4 


121 


17-1 


23-4 


30-4 


47-7 




40 


6-3 


90 


12-9 


17-5 


22-8 


35-8 




60 


50 


7-2 


10-4 


14-2 


18-3 


29-2 




80 


4-6 


6-6 


9-3 


12-8 


16-7 


26-2 




100 


4-1 


60 


8-6 


11-7 


15-2 


23-9 


160 


10 


11-3 


16-4 


23-3 


31-2 


41-2 


641 




20 


8-7 


12-6 


17-9 


240 


31-6 


49-3 




40 


6-6 


9-4 


13-4 


18-0 


23-7 


36-9 




60 


5-2 


7-6 


10-8 


14-6 


191 


300 




80 


4-7 


6-9 


9-7 


13-2 


17-4 


271 




100 


4-3 


6-2 . 


8-9 


120 


16-8 


24-7 


180 


10 


120 


17-6 


24-6 


330 


42-2 


680 




20 


9-2 


13-4 


18-9 


25-4 


32-4 


52-3 




40 


6-9 


100 


14-2 


190 


24-3 


39-2 




60 


5-6 


8-0 


11-4 


16-4 


261 


31-8 




80 


4-9 


7-2 


10-2 


140 


17-8 


28-8 




100 


4-5 


6-6 


9-3 


12-7 


16-2 


26-2 


200 


10 


12-7 


18-4 


25-9 


351 


45-4 


720 




20 


9-8 


141 


19-9 


270 


34-9 


66-4 




40 


7-3 


10-6 


14-9 


20-2 


26-2 


41-6 




60 


5-8 


8-5 


12-0 


16-3 


18-0 


33-6 


250 


10 


14-3 


20-5 


290 


37-7 


48-9 


77-4 




20 


110 


15-9 


22-3 


290 


391 


61-9 




40 


7-2 


11-9 


16-7 


21-7 


270 


46-4 




60 


66 


9-5 


13-4 


17-9 


24-7 


40-2 




80 


60 


8-6 


121 


16-9 


21-6 


311 




100 


5-4 


7-9 


110 


14-5 


19-5 


30-9 
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Table 36 — (continued). 



Bore of pipe in mm. 


70 


80 


90 


100 


125 


150 


175 


200 


226 






Quantit 


.y of water, W, in 


csub. m. per hour. 




86-7 


114-4 


153-6 


190-9 


319-4 


467-2 


642-8 


864-4 


1117-8 


69-4 


96-2 


128-0 


163-1 


273-0 


413-4 


584-4 


785-8 


1016-2 


53-4 


74-1 


102-4 


130-5 


218-4 


330-7 


467-5 


618-6 


812-9 


45-8 


63-6 


84-4 


114-2 


191-1 


303-8 


457-6 


606-0 


782-4 


40-2 


57-7 


76-8 


102-7 


171-9 


272-0 


409-0 


650-0 


711-3 


36-5 


52-9 


70-4 


89-7 


163-8 


248-0 


385-7 


618-6 


670-7 


910 


119-0 


161-4 


196-7 


327-4 


485-1 


661-7 


888-0 


1149-3 


72-8 


99-4 


134-5 


168-1 


282-2 


429-3 


601-7 


807-3 


1044-8 


561 


76-6 


107-6 


134-5 


225-7 


343-4 


481-3 


645-7 


835-8 


48-0 


65-6 


88-7 


117-7 


197-5 


315-5 


463-3 


621-6 


804-5 


42-2 


59-6 


80-7 


105-9 


177-8 


282-6 


423-3 


665-1 


731-3 


38-3 


54-7 


73-9 


92-4 


169-3 


257-6 


3971 


532-8 


689-7 


94-5 


127-6 


172-8 


208-3 


346-8 


515-3 


703-1 


961-4 


1243-7 


75-6 


106-3 


144-0 


178-0 


298-1 


461-6 


6391 


864-9 


1130-7 


68-2 


81-9 


115-2 


142-4 


238-5 


361-3 


611-3 


691-9 


904-5 


49-9 


701 


950 


124-6 


208-7 


331-9 


492-1 


666-0 


870-6 


42-8 


63-8 


86-6 


111-5 


187-8 


297-8 


447-4 


605-4 


791-5 


39-7 


58-4 


79-2 


97-9 


178-8 


270-9 


421-8 


559-8 


746-2 


99-6 


132-5 


177-2 


219-9 


363-8 


535-0 


743-8 


1001-2 


1291-0 


79-7 


110-5 


147-7 


187-9 


313-6 


477-0 


676-1 


910-2 


1173-6 


61-4 


86-1 


118-1 


150-3 


250-8 


381-6 


531-9 


728-1 


938-9 


52-6 


72-9 


97-4 


131-5 


219-5 


340-1 


520-6 


700-8 


903-7 


111-8 


149-7 


197-8 


244-2 


407-2 


687-7 


833-3 


1106-9 


1469-4 


89-5 


124-8 


164-8 


210-6 


351-1 


534-3 


767-5 


1006-3 


1326-8 


68-9 


96-1 


131-9 


168-4 


280-9 


427-4 


666-0 


905-0 


1261-4 


690 


82-3 


97-9 


147-3 


246-8 


392-0 


621-6 


862-3 


1123-8 


53-7 


74-8 


88-9 


132-6 


221-2 


362-6 


683-3 


774-8 


1021-6 


49-2 


68-6 


90-6 


126-0 


210-6 


320-5 


499-9 


664-1 


876-6 



CHAPTER XIX. 

THE LOSS OP HEAT FROM APPARATUS AND PIPES TO THE SUR- 
ROUNDING AIR AND MEANS FOR PREVENTING THE ESCAPE. 

A. The Loss of Heat. 

1. According to E. PecleVs Equations, 

^. P^CLET, in his classic work Traits de la chaleur, has laid down 
the principles for calculating the loss of heat from hot bodies. We 
ought not, however, to omit the many later researches and methods 
of calculation ; we shall therefore give the losses of heat according to 
Peclet and also according to more recent and simpler estimations. 
Unfortunately the results of the two methods of calculation differ 
considerably, P^clet's equations giving too low numbers, the more 
recent equations too high figures. The observed losses of heat, 
although they also are not all in agreement, lie approximately in 
the mean of those calculated according to the two formulae. 

According to Peclet, the total hourly loss of heat, df, expressed 
in calories, from 1 sq. m. of hot surface is composed of two parts, 
viz. : — 

(a) The loss due to radiation, R, which only depends upon the 
material and the nature of the radiating surface, in addition to the 
temperature of the air, 0, and the difference in temperature, t, be- 
tween the hot body and the surrounding air. The influence of the 
material and nature of the surface is expressed by the coefficient, ik, 
which is for : — 

Copper 016 

Wrought iron ----- 2*77 
Cast iron 3*36 
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According to P^clet's empirical equation 

R = 12i'72ka^{a' - 1) (168) 

in which a = 1-0077. 

(b) The loss caused by contact with the surrounding air, A. In 
this case the shape of the body, in addition to the difference in 
temperature, has a considerable influence upon the loss, which 
influence is expressed by the coefficient, k^. 

According to P6clet 

A = 0-552kiii--»3 (169) 

The total loss of heat from the body is therefore, for 1 sq. m., one 
hour and the difference in temperature, ^, 

M^B + A = 124-72A;aV - 1) + 0'552kyt^-^^ . (170) 

The coefficient, ki, was determined by P6clet for many forms of 
surface ; it is different for flat plane surfaces, for horizontal and 
vertical cylinders, and also depends on the diameter of the cylinder. 

In Table 37 are given the following values, calculated according 
to P6clet's data : — 

(a) The loss of heat by radiation, i?, from copper, wrought and 
<5ast iron, for 1 sq. m., one hour, and for temperature differences of 
50*^-180° C. 

(b) The loss of heat by conduction. A, for 1 sq. m. and one hour : — 
(a) From horizontal pipes of 20-1000 mm. diameter, and 

differences in temperature of 20°-180° C, 
(13) From vertical cylinders of 1-3 m. diameter, 1-5 m. high, 

for temperature differences of 20°-150° C. 
(y) From plane surfaces of 1-5 m. height and differences in 

temperature of 20°- 180° C. 

(c) The coefficient, k^, for horizontal pipes, with differences in 
temperature of 20°-180° C. 

{d) The coefficient, k^ for vertical cylindrical surfaces of 1-3 
m. diameter, and 1-5 m. high. 

(e) The coefficient, k^, for vertical plane surfaces. 

From Table 37 the calculated loss of heat (per sq. m. per hour) 
■can be read off for the most usual cases. For this purpose the loss 
by radiation, R, for the particular material and the prevailing 
difference in temperature, is added to the loss by conduction, A^ 
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Table 37. 
Loss of heat by radiation, i?, by conduction, A (also the coefficients, k 
and cast iron, at temperature differences of 20°-180° C.^ 



Temperature Difference. 



20° 30' 



40° 60° 60° J0° 80° 



90° 



i? = 



B 



B = 

Diameter 

of the 
pipe, mm. 
20 
30 
40 
50 
60 
70 
80 
90 

100 

150 

200 

300 

400 

500 

600 

800 
1000 

Height 
of the 
cylinder, 
mm. 
1000 
2000 
3000 
4000 
5000 



(a) Loss of heat by radiation, i?, per 1 sq. m., from copper^ 

Sheet copper {k = 0-16). 
3-7 i 5-8 1 801 10-41 13*9 1 15-91 19 I 222 



64 ' 100 



78 i 121 



Wrought iron {k = 2-77). 
138-51 181 226 I 275 



I 328 I 384 



Cast iron (A; = S-i 
168 I 219 I 274 



130 


215 


306 


404 


605 


610 


716 


101 


168 


241 


316 


396 


479 


562- 


88 


145 


207 


272 


340 


412 


483 


79-4 


131 


186 


246 


307 


372 


436 


74 


121 


173 


228 


285 


345 


404 


70 


115 


164 


216 


270 


328 


384 


66-6 


1098 


156-6 


205-8 


258 


312 


367 


66 


107-5 


153 


202 


262 


305 


360 


62-6 


103 


147 


193 


242 


293 


346 


57 


94 


133 


176 


220 


266 


313 


64 


89 


127 


167 


210 


249 


298 


51 


84 


120 


158 


197-8 


239 


282 


49-9 


82 


117 


156 


194 


234 


276 


48-6 


81 


115 


151 


190 


230 


271 


48-4 


80 


113-7 


148 


187 


227 


267 


47-7 


78-7 


112 


147 


185 


223 


263 


47 


76-7 


111 


146 


183 


221 


260 



334 I 396 I 466 



(6) (a) Loss of heat by 

832 
754 
561 
505 
470 
444 
426 
415 
399 
364 
344 
326 
319 
313 
309 
305 
298 



(6) (J3) Loss of heat by 



Diameter of the cylinder = 1 m. 



59 
62 
50 

48-8 
48-4 



96 


138 


182 


228 


276 


323 


86 


123 


162 


202 


245 


289 


82 


117 


154 


194 


236 


276 


81 


116 


152 


191 


227 


267 


80 


113-7 


148 


187 


222 


261 



375 
334 
333 
309 
299 
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Table 37. 
and kj) from plane and cylindrical surfaces of sheet copper, wrought 
in calories per sq. m. per hour, according to E. P6clet. 



Temperatare Difference. 



100° 110° 120° 130° 140° 150° 160° 



170° 



180° 



wrought iron and cast iron, at temperature differences of 20°-180^G. 

Sheet copper {k = 0*16). 
25-71 29-7 1 33-8 1 38-3 1 43 | 48 | 54 | 60 | 67 

Wrought iron (k = 2-77). 
447 I 606 I 585 | 662 | 746 | 836 | 939 | 1045 |1159 

Cast iron (k = 8*86). 
541 1 622 I 709 | 803 | 904 1 1014 1 1139 | 1269 |1406 



conduction, A, from horizontal pipes. 

948 
742 
638 
586 
536 
507 
484 
477 
454 
414 
393 
371 
363 
357 
352 
347 
342 



conduction, A^ from vertical cylinders. 



1065 


1185 


1309 


1432 


1661 


1691 


1822 


837 


931 


1028 


1125 


1226 


1328 


1431 


717 


800 


883 


966 


1063 


1140 


1229 


648 


724 


798 


873 


952 


1031 


1112 


601 


671 


740 


810 


883 


957 


1030 


667 


636 


706 


768 


838 


907 


978 


544 


606 


669 


733 


798 


864 


931 


534 


595 


666 


717 


782 


847 


913 


511 


670 


629 


688 


760 


812 


875 


465 


517 


672 


626 


683 


739 


796 


441 


493 


544 


596 


649 


703 


768 


417 


466 


513 


662 


612 


662 


714 


408 


454 


502 


550 


599 


648 


698 


400 


446 


493 


640 


588 


636 


686 


396 


440 


486 


532 


580 


628 


677 


390 


434 


479 


525 


572 


619 


667 


383 


430 


475 


519 


566 


613 


633 



428 
381 
364 
352 
344 



Diameter of the cylinder = 1 m. 



1965 

1635 

1318 

1192 

1105 

1048 

999 

979 

939 

853 

812 

766 

750 

736 

726 

716 

709 



480 


636 


691 


646 


705 





_^ 


427 


477 


526 


675 


627 








408 


467 


604 


551 


601 








396 


440 


477 


532 


680 








386 


432 


486 


616 


669 














13 
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TabIiB 37 — (continued). 



Height 
of the 






Temperature Difierenoe. 
















cylinder, 
mm. 


20° 


30° 


40° 


50° 


60° 


70° 


80° 


90° 








Diameter of the cylinder = 1-6 m 






1000 


59 


96 


137 180 


226 


273 


320 


371 


2000 


51 


86 


121 169 


199 


242 


286 


330 


3000 


49 


82 


115 151 


191 


231 


272 


315 


4000 


48-6 


81 


114 149 


189 


229 


270 


312 


6000 


48 


79 


112-61 147 


186 


226 


265 


306 








Diameter of the cylinder = 2 m. 






1000 


58 


94 


136 


179 , 224 


270 


317 


368 


aooo 


60 


84 


121 


159 199 


240 


283 


328 


3000 


48-8 


82 


116 


162 ' 191 


225 


271 


308 


4000 


48-6 


79-6 


113 


148 1 187 


222 


266 


299 


5000 


47 


76-7 


111 


146 1 183 221 


260 


298 








Diameter of the cylinder = 2-5 m 






1000 


56 


91 


132 


173 


217 


262 


307 


357 


2000 


51 


84 


120 


168 


197-8 


239 


282 


326 


3000 


48-6 


81 


115 


161 


190 


230 


271 


313 


4000 


48 


79 


113 


147 


186 


224 


264 


807 


5000 


47 


76-7 


111 


146 


183 


221 


260 


298 








Diameter of the cylinder = 8 m. 






1000 


55 


91 


131 1 172 1 216 


260 


306 


365 


2000 


51 


84 


120 


157 1 197 


238 


280 


324 


3000 


48-6 


81 


114 


160 1 189 


229 


270 


312 


4000 


47-7 


78-7 


112 


147 1 185 


223 


263 


305 


5000 


47 


76-7 


111 


146 1 183 


221 


260 


298 








(6) (y) Loss of h 


eat by coi 


iduction, 


1000 


53-2 


53-2 


87-8 i 1253 


206 263 


294 


349 


2000 


48-6 


81 


115 ' 161 


190 ' 230 


271 


313 


3000 


470 


76-7 


111 ' 146 


183 1 221 


260 


298 


4000 


46-4 


76-1 


108-51 142-6 178-3' 219 


255 


284 


5000 


461 


76 


107 1 140-5 1 176-3! 213 


251 


290 




{C)\ 


^alue of t 


,he coefficient, k„ for horizontal pi 
d = diameter in mm. 


pes. 






d = 


20 


25 30 40 50 60 


mm. 






ki = 


= 5-87 


5-11 4-61 3-96 3-68 33 


2 




d = 


70 


80 90 100 160 20C 


1 mm. 






k,= 


.315 


3-0 2-94 2-82 2667 24 


4 




d = 


300 


400 600 800 900 100( 


) mm. 






k,= 


= 2-3 


2-26 2-21 2-18 2-15 2-1 


3 
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Table 37 — (continued). 



Temperature Difference. 



locy 



110° 



120° 



130° 



140° 



150° 



160° 



170° 



180° 



Diameter of the cylinder = 1-5 m. 



424 
377 
358 
355 

348 



420 470 

373 419 

350 ' 395 

344 ' 385 

342 1 383 



405 
371 
357 
348 
342 

403 
369 
355 
347 
342 



476 


630 


420 


470 


401 


448 


398 


444 


392 


436 



585 i 640 

522 ' 570 

495 546 

490 537 

481 527 



698 
617 
591 
585 
575 



466 


609 


417 


465 


400 


466 


392 


436 


382 


430 



Diameter of the cylinder = 2 m. 
525 580 633 690 
467 I 516 565 615 
438 I 484 530 577 
432 I 477 521 i 569 
430 I 475 ; 519 j 566 
Diameter of the cylinder = 2-6 m. 
562 615 670 
513 562 I 612 
493 540 [ 588 
482 , 528 i 575 
475 519 ' 566 
Diameter of the cylinder = 3 m. 



452 
415 
398 
390 
383 



505 
463 
444 
434 
430 



560 
510 
490 
479 
475 



A, from vertical plane surfaces. 
388 
363 
342 
336 
331 



426 


484 


636 


408 


464 


502 


383 


430 


476 


379 


420 


463 


369 


414 


461 



612 
560 
537 
525 

579, 

586 
550 
519 
508 
501 



667 
609 , 
585 
572 
566 ! 

638 
599 
566 
553 
545 



691 


745 


648 


698 


613 


660 


599 


645 


690 


637 



800 
750 
709 
692 
682 



(d) Value of the coefficient, kj, for vertical cylinders. 

h = height, d = diameter. 

h = 1000 2000 3000 4000 5000 mm. 

d = 1000 ki = 2-65 2-36 226 222 2-18 

d = 1500 kj = 2-62 233 224 220 216 

d = 2000 ki = 2-60 231 2-22 217 213 

d = 2500 ki = 2-52 2-30 221 216 2-13 

d = 3000 kj =: 2-51 229 220 2-15 2-13 

(f) Value of the coefficient, kj, for vortical plane surfaces. 

h = height in mm. 

h = 1000 2000 3000 4000 6000 mm. 

kj = 2-4 2-21 2-13 2*08 2-05 
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which depends on the form of the body and its position at the present 
difference in temperature. 

Example, — A horizontal cast-iron pipe of 200 mm. external diameter loses^ 
with a temperature difierence of 100° 0., 

M= R + A = 641 + 398 = 934 calories per sq. m. per hour. 

These calculated losses of heat probably approximate to the truths 
but it is still necessary to state what values have been obtained by 
more recent experiments conducted both on a large and small scale. 
It may be assumed a priori, that experiments with larger objects in 
larger rooms will show somewhat greater losses of heat, since theyi- 
being generally undertaken for practical purposes, do not so completely 
exclude all the subsidiary conditions {e.g,, the rapid motion of the air 
about the warm object of the experiment), as P6clet*s purely laboratory 
experiments did. We have endeavoured to collect the accounts of 
researches on loss of heat dispersed through the literature. The 
results of the search are collected in Table 38 ; it should be remariced 
that these experiments do not all appear to be of equal value, since 
some were certainly not carried out with regard to all the circumatances 
to be considered. 

In Table 88 are given the quantities of condensed water found 
in the different experiments, and thence are calculated the calories 
^ven out per sq. m. per hour. Then in the next colunm is given the 
loss of heat calculated for the particular case by means of P^clet*a 
formulae. 

Comparison of these figures shows that in reality hot surfaces loee 
about 25 per cent, more heat than P^clet's formula indicates, which 
is without doubt explained by the ever-present air currents, which, as 
is well known, considerably facilitate the loss of heat to the air. The 
irregularity of the results of the experiments is due to the same cause 
and to the variable quantity of air in the steam. 

It is not possible to arrange in one table the losses of heat from 
all these hot bodies of such various shapes and sizes. The loss must 
generally be determined as the product of the calculated exterior 
surface and the loss from unit surface, obtained from TaUe 37 or 39. 

For the most ordinary apparatus — ^horizontal pipes and vertical 
cylinders of cast-iron, wrought-iron and copper — the losses of heat 
per hour calculated by P6clet's equations are given in Table 39^ for 
pipes of 20-1000 mm. diameter per running metre and for vertical 
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cylinders of 1-6 m. height per 1 sq. m. of surface, for temperature 
differences of 30^-160° C. 

In order to find the loss of heat really to be expected, the figures 
of Table 39 must be multiplied by about 1-275, i.e.y increased by about 
25 per cent. 

2. According to more Modem FormulcB, 

The second, more modern, and somewhat simplified formula for 
the determination of the loss of heat, M, from warm bodies to the 
surrounding air, runs as before, 

M=^B + A (171) 

The loss by radiation is here, according to Dulong and Petit, 

B = 125A;(1 0077^1 - 10077'a) .... (172) 

The coefficient of radiation, k, according to P^clet, for copper 
= 0*16, wrought iron = 2*77, cast iron =» 336; t^ is the temperature 
of the hot space, t^, of the cold space. 

The loss by conduction is 

A = 0-55J(fi - gi'238 (173) 

in which b is the coefficient of conduction, which is, according to 
Valerius, for air at rest, 4, for air in motion, 5-6. 

Thus the formula for the loss of heat from hot bodies to the 
surrounding air becomes 

M= 125A;(1•0077^- 1-0077*2) + 0-65b{t^ - t^y^^ . (174) 
By means of this equation the loss of heat from cast-iron, wrought- 

iron, and copper surfaces, to the surrounding air, per hour and per 

sq. m., has been calculated for differences in temperature of 20°- 
. 180^ C. The iresults are given in Table 40. 

These figures (Table 40) will be found to be considerably higher 

than those calculated by means of P^clet's formula (Table 39), and 

even greater than the losses experimentally determined. As is often 

the case, the truth lies in the mean. 

In the compilation of experimental results (Table 38), the values 

calculated by both formulas are introduced, in order to facilitate 

comparison. 

The loss of heat from multiple effect evaporators is greater than 
would be due to their simple surface. Let C/, C^/, Cy/, and Cjy calories 
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Table 38. 

Compilation of the results of experiments, on the loss of heat, by 

Ordway, Gutermuth, Pasquay, Russner and Paul Miiller. 
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Table 38 — {continued). 
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TabiiB 39. 

{a) Loss of heat, in calories, from cast-iron (C), wrought- 

hour, acoording 

(b) Loss of heat from vertical cylinders, 1-5 m. 

The real loss is about 25 per cent. 



II 


External 
diameter 
of pipe, da. 


Cooling sur- 
face perl m. 
of length. 


1 


Temperature Difference. 


80° 


40° 


60° 


60° 


70° 


mm. 


mm. 


sq. m. 


























(a) Lobs of heat, 


20 


26 


0-081 


W 

















20 


23 


0076 


K 


— 


— 


— 


— 


— 


30 


38 


0120 


W 


— 


— 


— 


— , 


— 


30 


33 
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K 


— 


— 


— 


— 


— 


40 
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W 


— 


— 


— 


78 


95 


40 


43 
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K 


— 


— 


— 
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61 


60 
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Table 39. 
iron {W) and copper {K) pipes per running metre in one 
to E. Peclet. 

high, per sq. m. per hour, according to E. Peclet. 
greater than that calculated here. 



Temperature Difference. 


80° 


go- 
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Table 39 — {continued). 
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{a) Loss of heat. 
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(6) Loss of heat 
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340 
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211 
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C 


203 


283 
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465 
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W 
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253 


332 


418 


506 








K 


88 


124 


162 


204 


247 
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C 


201 


282 


367 


463 


563 








W 


181 


252 


330 


415 


494 








K 


87 


123 


160 


202 


245 






6 


C 


200 


280 


365 


460 


560 








W 


179 


250 


328 


411 


500 








K 


85 


121 


158 


200 


241 



be the losses of heat from the separate vessels. It is evident that 
heat lost from one vessel cannot produce evaporation in the following 
vessels. 
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Table 39 — (continued). 



Temperature Difference. 


80° 


j 90° 


100° 


110° 


120° 


180° 


140° 


iao° 


160° 


in calorieH, per r 


unning n 


1. in 1 hour. 










702 


820 


1 947 


1077 


1213 


1469 


1617 


1683 


; 1865 


688 


689 


793 


895 


1038 


1129 


1268 


1404 


1563 


292 


366 
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544 


689 


640 


694 


773 


900 


1037 


1170 


1330 


1490 


1668 


1837 


2032 


380 


I 439 


494 


566 


669 
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764 


834 


906 


960 


1015 


1286 


1360 


1649 


1848 


2057 


2272 


2620 


464 


, 635 


612 


688 


768 


849 


932 


1017 


1104 


1148 


. 1357 


1636 


1722 


1978 


2213 


2463 


2718 


2818 


1322 


1540 


1774 


2007 


2279 


2561 


2846 


3146 


3639 


1605 


1746 


2014 


2269 


2601 


2907 


3238 


3595 


3978 


1693 


1932 


2262 


2615 


2927 


3272 


3716 


4047 


4477 


1762 
from vei 


2162 
tical cyli 


2501 
nders pe 


2820 
r sq. m. p 


3226 
ler hour. 


3612 


4017 


4458 


4931 


716 


832 


965 


1097 


1242 














648 


755 


871 


981 


1116 














340 


396 


460 


505 


564 














682 


796 


918 


1042 


1180 














614 


714 


824 


926 


1055 














305 


352 


403 


460 


505 














668 


781 


899 


1023 


1167 


^__ 





__ 





600 


699 


805 


907 


1033 














291 


337 


384 


431 


481 


— 


— 


— 





666 


778 


896 


1020 


1162 


— 


— 


— 





598 


696 


802 ■ 


904 


1029 














289 


334 


381 


428 


478 


— 


— 


— 





666 


772 


889 


1014 


1145 


— 


— 


— 





593 


690 


796 


898 


1021 














284 


328 


374 


422 


470 


— 


— 


— 






In the double effect the first vessel loses Gj calories, and since 
these C/ calories cannot evaporate anything in the second vessel, as- 
much again is lost, i.e., altogether 2Cj calories. The second vessel 
in its turn loses C,/ calories. 
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Thus there are lost : — 

In the double effect : 2Cj + Cj,. 

In the triple effect : 30, + 2C,r + G,,,. 

In the quadruple effect : 4tCj+SCji + 20 j„ + Or . 

Table 40. 



Difier- 








Differ- 








ence in 


Cast- 


Wrought- 


Copper. 


ence in 


Cast- 


Wrought- 


Copper. 


tempera- 


iron. 


iron. 


tempera- 


iron. 


iron. 


ture. 








ture. 








"C. 








"0. 








Loss of h 


eat in calories i>er 8( 


1. m. per 


Loss of h 


eat in calories per sq. m. per 


hour a 


t the respective diSe 


rences 


hour a 


t the respective differences 




in temperature. 






in temperature. 




20 


200 


192 


133 


110 


1612 


1550 


986 


30 


324 


312 


210 


120 


1824 


1652 


1134 


40 


456 


440 


292 


130 


2052 


1968 


1252 


50 


590 


570 


384 


140 


2246 


2156 


1386 


60 


741 


710 


475 


150 


2485 


2380 


1496 


70 


907 


877 


652 


160 


2725 


2610 


1625 


80 


1074 


1034 


686 


170 


2945 


2820 


1747 


90 


1248 


1200 


794 


180 


3240 


3100 


1880 


100 


1431 


1380 


901 








• 



In vertical evaporators the cooling surface per sq. m. of heating 
surface ranges from 0* 12-0*36 sq. m., as a rule it is 0'16-0'2 sq. m. 

Example. — In a quadruple effect evaporator, with vessels of equal size, the 
cooling surface = 0*18 sq. m. per sq. m. of heating surface. The temperatures 
are: — 

In vessel 



I. 


II. 


III. 


IV. 


00° 


96° 


86° 


60° 


80° ' 


76° 


66° 


40° 



Thus the temperature differences are - 

If the vessels are of wrought iron, the loss of heat in each, per 1 sq. m. of 
heating surface, is (Table 39) 

018 X 600 018 X 660 018 x 460 018 x 263, 
i.<;., 108 99 83 46*6 calories. 
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The whole loss of heat is thus 
4 X 108 + 3 X 99 + 2 X 83 + 46-6 - 482 + 297 + 166 + 45*6 = 9405 calories. 
Therefore the average loss per 1 sq. m. of heating surface in one hour is 



— j— = ^30 caiones, wnicn la 


1 equal i 


M> aoout 


'^•9 X>er c 


leni. 01 I 


ne emciency. 


in an unprotected quadruple 












effect evaporator of 


800 


400 


600 


800 


sq. m. 


The loss of heat is about 


70,600 


94,000 


141,000 


188,000 


calories 


Or about - - 


130 


196 


260 


846 


kilos, of steam 


Or about . - - - 


22 


88 


46 


68 


kilos, of coal 



per hour. Bather more than less. 

The loss of heat from a large apparatus is thus not inoonsider- 
able, and it is very advisable to protect from such losses. 

B. Means for Preventing Loss of Heat and their Efficacy. 

The results obtained in different experiments, which are in 
tolerable agreement, show that the best protection against loss of heat 
is afforded by porous substances, which contain air. The order of 
efficiency, the best first, is as follows : silk, hair, wool, cotton, straw, 
turf, cork, wood, ashes, kieselguhr, sawdust, powdered coke, slag 
wool, mixtures of clay, Hme and gypsum, with or without hair. The 
coating should not be too thick or the surface is unduly increased ; a 
larger and cooler surface may easily lose more heat than a smaller 
and hotter surface. The coating should be light, incombustible and 
fairly resistant to external injury. The conductivities of the various 
protective materials, as determined by Pasquay, appear to be reliable ; 
silk waste is the best non-conducting material. 

Pasquay found the following conductivities for heat : — 

Silk 0045.0048 

Cow-hair felt 0-057 

Cork shavings 0073 

Chopped turf 0-073-0-0997 

Kieselguhr 0077-0-144 

Leroy's mixture 0-089-0125 

Enoch's mixture 0090-0-240 

Slag wool 0-101 

Griinzweig and Hartmann's (Kieselguhr) - 0-122 

Einsiedel's mixture 0*139 



"206 EVAPORATING AND CONDENSING APPARATUS. 

The coefficient of radiation for the protective mass was taken as 
.3-65. 

Pasquay also found {Wdrmeschutz im Dampfhetrieh, 1895) the 
following amounts of condensed steam in a naked and covered pipe, 
-other conditions being the same. The temperature of the steam was 
135° C. ; of the air, 13-5"-16'* C. (mean, 15°). 

The pipe condensed per sq. m. of surface in one hour : — 



Naked 


2-972-3087 


When covered with a cushion of 




silk 25 mm. thick - 


0-446 


When covered 55 mm. thick with 




cork shavings - - - - 


0-467 


When covered with kieselguhr 


0-640-0-895 


When covered with Leroy's mixture 




25 mm. thick - - - - 


0-672-0-871 


When covered with Enoch's mixture 




25 mm. thick . - - - 


0-845-1-216 


When covered with Klehmet's mix- 




ture 


1-396 



It is to be observed that the composition of the compound non- 
•conduoting materials has considerable influence on their efficiency^ 
and that the composition is in reality not always the same. Price 
also influences the choice of a non-conducting material. 

By using the best protective coating, in the most favourable case 
about 80-85 per cent, of the loss which occurs from a naked pipe 
may be avoided. 

Johannes Bussner proposes for steam pipes a double covering of 
tin-plate, fitting tight, which is said to be still better than silk. This 
covering appears to be rather expensive. In this case the width 
of the space between the pipe and its jacket is important, it should 
not be too small or too large ; about 10 mm. is stated to be suitable. 



CHAPTER XX. 

CONDENSERS. 

The appliances by means of which vapours (or gases) are liquefied 
or condensed are known as condensers. Sometimes the vapours or 
gases are to be condensed at atmospheric pressure, but more fre- 
quently it is desired to produce and maintain a vacuum by means of 
the condensation. In the latter case the condensation nmst naturally 
be effected in a space shut off from the air. The condensation is 
accomplished almost without exception in the cases under considera- 
tion by the withdrawal of heat, for which purpose cold water is 
generally used, cold air more rarely, since the former is the cheapest 
and most convenient means. It may be used in two ways : either the 
cooling water is injected directly into the vapour to be condensed, or 
the vapour is conducted over surfaces cooled by water or air. Thus 
there are obtained : — 

A. Jet-condensers. 

B. Surface-condensers. 

The former are cheaper and are therefore always used, unless it 
is required to separate the vapours of valuable liquids (alcohol, ether, 
benzene, etc.), or to obtain pure condensed water. 

Of the jet-condensers,, which are employed to create a vacuum 
and must therefore be connected to an air-pump, two different kinds 
may be distinguished, namely : — 

(a) The so-called wei condensers, from which the air-pump extracts 
the condensed vapours and injected water together with the air and 
uncondensed vapours. The principle of opposite currents between 
vapour and cooling water may be utilised in these condensers, 
but is not of great service. Wet condensers are generally arranged 
for parallel currents. 
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(b) The 80-called dry condensers, from which the air-pump ex- 
tracts only the air and uncondensed vapour, whilst the condensed 
vapour and injected water are carried off automatically in another 
way. The principle of opposite or counter-currents is almost always 
applied in this class, and with great effect, thus they are also called 
dry coimter-current condensers.^ 

Surface-condensers, since they generally require a large surface, 
are almost always tubular ; they are constructed of one or several 
long pipes or of many short tubes. The vapour may then pass 
through, and the cooling water outside, the tubes, but the opposite 
arrangement is also used. In both cases the whole mass of the 
water may flow slowly, generally upwards (opposite currents), in 
a closed space over the condensing surface. Thus these condensers 
are called closed surface-condensers. In many cases it is not only 
necessary to liquefy the vapours in the condenser, but also to cool 
the liquid. A cooling surface must then be attached to the con- 
densing surface ; this apparatus is then known as a cooler. If the 
vapour is passed through the tubes and the cooling water allowed to 
flow down outside exposed to the air, the apparatus is known as an 
open surface-condenser, 

A. Jet Condensers. 

1. General, 

When a definite weight of steam at a determined pressure is 
admitted into a condenser, perfectly closed and quite empty, and 
sufficient cold water is injected, almost the whole of the steam is 
converted into water and the injected or cooling water becomes con- 
siderably hotter by the exchange of heat. After the condensation 
there remain in the condenser: warm water, and over it, an ab- 
solutely empty space, in which the pressure would be zero (i.e., a 
vacuum of 760 mm.) if the space were not immediately filled by : — 

(a) The vapour, evolved by the warm water. Its tension, which 
depends on the temperature of the water, is always known. 

{h) Air, which is always introduced into the condenser along with 
the steam and cooling water. 

^ It wiU be seen that the differentiation of jet-condenserB into " wet " and 
'* dry " in no way corresponds to the true meaning of the words. These expres- 
sions have been once introduced and are now almost universally employed in 
interested circles. We might propose to call *' dry " condensers/aZZ-jnpe c(mdensers. 
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If, as a matter of reality, no air at all entered the condenser, after 
the condensation there would be in the condenser only water and 
vapour at a pressure corresponding to the temperature of the water.* 
Since, however, air is always introduced by the steam and water, to 
this vapour pressure is to be added the pressure of the air introduced. 
The pressure in the condenser is then the sum of the pressures of air 
and vapour. 

Warm water, which has been used for condensing, then artificially 
cooled and again led into the condenser, contains little air, but still 
always some quantity. 

In a closed vessel, partially filled with hot water, in which a 
considerable air pressure is produced by artificial means, the water 
would still evolve steam of a pressure corresponding to its tempera- 
ture, which would increase by its own amount the pressure already 
existing. 

The air-pumps are used to exhaust as rapidly and completely as 
possible the air introduced by steam and water, so that there may be 
in the condenser only the pressure of the steam, which depends on 
the temperature of the water. 

The pressure in the condenser should be as low as possible, for 
as it decreases the boihng point also falls and the evaporative 
capacity of the heating surface in the vacuum increases. 

There can be no intention of exhausting, by means of the air- 
pump, the vapour formed from the water together with the air, in 
order to increase the vacuum, since the volume of this vapour is 
so great that it cannot be dealt with by pumps of reasonable size. 
If it were desired to exhaust steam from the condenser with the air- 
pump, and thus to form fresh vapour from the water, wbich process 
would cool the warm water and so produce a higher vacuum, the 
air-pump would have to be of quite impossible dimensions. 

Example. — In order to condense 100 kilos, of steam, under certain circum- 
stances, 8080 kilos, of water are required, which become heated from IS^-SS** 0. 
In order to cool these 8080 kilos, of water through 5^ C. (to 80°) it would be 

necessary to deprive them of 15,150 calories, i.«., to evaporate ' == 26*1 kilos. 

Kow 1 kilo, of steam at 80^-85° 0. has a volume on the average of 28,750 litres, 
thus 26*1 kilos, measure 750,875 litres. Such great volumes can naturally not be 
pumped out in a short time. 

It is therefore necessary to restrict the operation to removing the a^r alone 
from the condenser as completely as possible. 

14 
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Since the pressure in the cjondenser is always the sum of the 
pressures of air and steam, it follows that the pressure of the air' 
is found if that of the steam be deducted from the total pressure. 
The pressure of the steacn is, however, dependent on the temperature 

of the injected water when warmed 
by the condensed steam, since the 
two are in contact. 

The temperature of the water 
at different parts of the same con- 
denser is different, so must also 
be the pressures of the steam 
and air. The total pressure can- 
not be the same in all parts of 
the condenser, because currents of 
air and steam must be produced, 
but this total pressure must always 
be somewhat lower than the pres- 
sure in the evaporating apparatus, 
the vapours of which are to be 
liquefied in the condenser, since 
the friction of the vapour in the 
pipes between the evaporator and 
condenser naturally absorbs a 
certain amount of pressure. 

There must be a somewhat 
higher pressure in the evaporator 
than in the condenser, in order 
to impart their velocity to the 
exhausted vapours. This differ- 
ence of pressure will be the less, 
the shorter the connecting pipe 
and the slower the movement of 
the steam in it. On this subject 
see Chapter XVII. ^ -— 
The higher the temperature of the water in the condenser at the 
place where the air is exhausted, the higher is also the corresponding 
vapour pressure at this point. With a fixed total pressure in the 
condenser, the tension of the air must be lower (t.e., a definite weight 
will occupy a proportionately larger volume, which is to be removed 




Fig. 14. 



JET-CONDENSEBS. 
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from the condenser) the warmer was the water with which it was 
last in contact. 

Thus it follows that, other things being equal, 
the volume of air to be extracted is least when 
it was directly or indirectly in contact with cold 
water at its removal from the condenser. This 
is the case in opposite current and surf ace - 
condensers, whilst in parallel current condensers 
the warm water goes into the pump in common 
with the air and steam. 

The amount of cooling water used in a 
condenser must always be so great that the 
temperature of the waste water is somewhat 
lower than corresponds to the vacuum, since 
only then can the vacuum in the condenser be 
maintained somewhat higher than in the evapo- 
rator (i.e., the pressure somewhat lower), which 
we found to be necessary. 

In wet {parallel ciirrent) jet-condensers the 
steam enters the closed condenser at the top, 
together with the water in the finest spray, and 
both move downwards with diverse velocities. 
The steam then gives up its heat to the cooling 
water and is liquefied, the cooling water takes 
up this heat and becomes warmer. The velocity 
of the steam diminishes in its downward path 
to zero, the velocity of the water increases 
downwards in accordance with the laws of 
falling bodies. Air, water and uncondensed 
gases collect at the lower part of the condenser 
And are exhausted by the air-pump. 

Wet condensers are constructed in many 
different ways. Fig. 14 indicates one construc- 
tion, which is quite practical and permits of the 
necessary injected water being pumped direct 
from a well. 

Opposite currents may also be arranged in 
a wet condenser, by admitting the steam below 
and exhausting the air above, by which means the latter, since it is 




Fig. 15. 
Fall-pipe Condenser. 
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last in contact with cold water, may be removed colder, which is in 
iuself an advantage. However, the air in the pump cylinder, or even 
earlier, is in contact with the warm water, above which is steam of 
corresponding pressure. Thus an advantage of this construction can 
hardly be recognised, for the air is intimately mixed with the water 
and very rapidly acquires its temperature, when the condition of things 
is then the same as if air and water were exhausted by the same 
passage. The pressure in the wet air-pump, which is still in question, 
is always dependent on the temperature of the water pumped out. 

In dry {counter-current, fall-pipe) condensers the steam enters 
below and the cooling water in fine spray above. The steam rises 
with decreasing velocity, the coohng water falls. It is endeavoured to 
arrange that the cooling water, when it leaves, shall be as nearly as> 
possible at the temperature of the entering steam and the air as 
nearly as possible at that of the cold water. It is often assumed 
that the temperature of fche steam is the same throughout the con- 
denser, which cannot, strictly speaking, be the case. From the 
bottom of the condenser the injected water and condensed steam 
flow away spontaneously through a vertical pipe at least 10*7 m. 
long. In the most favourable case the pressure in this condenser 
corresponds to the temperature of the coohng water as it enters. 

Dry condensers also may be constructed in different ways. 
Fig. 15 shows, with details omitted, an ordinary design, which is 
quite clear without further explanation. 

We shall next consider separately the factors which affect the 
dimensions of jet-condensers, and then use the results in deter- 
mining these dimensions. 

2. The Necessary Quantity of Cooling Water, 

The quantity of cooling water required in each case depends in 
particular on its original temperature, on that at which it is to leave 
the condenser, and, finally, on the total heat of the steam, which 
depends on the vacuum to be produced. 

Let D = the weight of steam to be condensed, in kilos., 
c = the total heat of 1 kilo, of this steam, 
W = the weight of the coohng water in kilos., 
t^ = original temperature of this water in "* C, 
t^ » the final temperature of the waste water after the con- 
densation. 
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Then Dc + Wt, = (TF + D)t (175) 

Thus the weight of cooling water, 

W^^^^ (176) 

h — h 

Example. — D » 100 kilos, of steam are to be condensed by water at („ = 10^, 
60 that the waste water is at tg =^ 40°. How much cooling water is required ? 
At 40° C. 1 kilo, of steam has c = 618-7 calories, therefore 

W= ^(0 -/.) ^ ^«)(6^8-7-^) , 1929 kilo,. 

t« — ta 40 — lU 

Thus in this case W = 1929 kilos, of cooling water are necessary. 

It is occasionally convenient to have these data at hand, accord- 
ingly Table 41 has been drawn up, giving the number of kilos, of 
water required to condense 1 kilo, of steam under various conditions 
— water injected at temperatures of 6M0° C, and waste water at 
20°.60° C. The heat of the steam is taken throughout at c = 630 
calories, whilst in reality it varies somewhat in each case. 

3. The Diameter of the Water Supply Pipe, 

The diameter of the pipe, which conveys the water to the con- 
denser, depends on the quantity to be supplied in imit time and on the 
pressure with which it is injected into the condenser. The quantities 
of water necessary in each case may be taken from Table 41, the 
available pressure depends on the special conditions of each installa- 
tion and may vary greatly. If the water tank (or weU) is at the 
same level as the condenser, the whole excess of the pressure of the 
atmosphere over the pressure in the condenser is available for drawing 
the water into the condenser.. If there is a vacuum in the condenser 
of 700 mm. of mercury, corresponding to a water column of H = 9'625 
m., then the head of water in this case is also h^ = H = 9*525 m. 
If the water-tank is at the height h^^ above the condenser, then this 
difference in height is to be added to the vacuum expressed as a 
head of water. The total head is then h„ ^ H -^ h^. If the water 
is at a lower level than the condenser, viz. at the distance hi below it, 
then the pressure of the water is equal to the difference of these 
heights : h^ = H - h^. The heights hj^ and hf must always be 
measured from the point where the water enters the condenser. 
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Table 41. 
The weight of cooling water, TF, required to condense 1 kilo, of steam. 



Tempera- 
















ture of the 


Temperature of the waste water, t„ in ° 


C. 




injected 
water, U 


































"C. 


20° 


25° 


80° 


36° 


40° 


45° 


60° 


86° 


60° 




Weight of injected water, in kilos., 


required for 1 kilo, of steam. 


5 


44-3. 


30 


23-8 


19-7 


16-7 


14-6 


12-7 


11-4 


10-3 


6 


43-2 


31-5 


24-7 


20-5 


17-2 


14-9 


13 


11-6 


10-5 


7 


46-6 


33-3 


25-6 


21-3 


17-8 


15-2 


13-3 


11-8 


10-7 


8 


50-5 


35-3 


27 


22 


18-3 


16-7 


13-7 


1213 


10-9 


9 


55 


37-5 


28-3 


23 


18-9 


161 


14 


12-4 


11-1 


10 


60-5 


40 


29-3 


24 


19-6 


16-4 


14-4 


12-7 


11-3 


11 


66-2 


42-9 


31-3 


24-6 


20 


17-1 14-8 


13 


11-6 


12 


75-6 


46-2 


33 


26-6 


20-9 


17-6 161 


13-26 


11-8 


13 


86-4 


50 


36 


26-6 


21-3 


181 15-4 


13-6 


12 


14 


101 


65 


37-2 


28-1 


22-5 


19 


16 


14 


12-3 


15 


121 


60 


39-6 


29-5 


23-4 


19-7 


16-4 


14-25 


12-6 


- 16 


162 


66 


42-5 


311 


24-1 


20 


16-9 


14-6 


12-85 


17 


202 


76 


46-6 


33 


26-4 


20-7 


17-4 


15 


13-15 


18 


303 


86 


49-6 


34-5 


26-6 


21-5 


18 


15-4 


13-4 


19 


— 


100 


54-1 


36-6 


27-8 


22-3 


18-6 


16 


13-8 


20 


— 


120 


69-6 


39-6 


29-3 


23-2 


191 


16-3 


141 


21 





160 


65 


421 


30-8 


24-1 


19-8 


17 


14-6 


22 


— 


200 


74-4 


45-4 


32-4 


26-1 


20-6 


17-3 


14-8 


23 


— 





84-4 


49-5 


34-4 


26-4 


21-3 


17-8 


15-3 


24 








99-2 


53-6 


36-5 


27-6 


22-1 


18-4 


15-7 


25 


— 





119 


69 


38-5 


29-3 


23 


19 


16 


26 


— 





149 


65-6 


42 


30-6 


23-9 


19-6 


16-4 


27 











74-3 


45 


32-2 


25 


20-6 


17-1 


28 


— 


— 


— 


84-3 


49 


341 


26-14 


20-7 


17-7 


29 


^_ 


^_ 


__ 


98-3 


53-2 


36-2 


27-4 


21-5 


18-2 


30 











147 


68-5 


38-6 


28-75 


22-4 


19-2 


31 


— 


— 





197 


65 


41-4 


30-3 


23-3 


19-5 


32 


— 











73 


44-6 


32 


24-1 


20-2 


33 














97-5 


48-3 


33-8 


25-4 


20-5 


34 


— 


— 


— 


— 


117 


63 


35-9 


26-7 


21-7 


35 


— 











149 


58 ' 38-3 


28 ■ 


22-6. 


36 

















— 1 41 


29-4 


23-6 


37 

















— 44-2 


31-1 


24-6 


38 

















— 48 


33 


26-7 


39 


_ 














— |52-6 


35 


27 


40 


— 


— 


— 


— 


— 


— 67-5 


37-3 


28-3 
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If it is desired to avoid forcing the water into the condenser by 
means of a pump, the apparatus must never be arranged so that 
H = hi, for a certain excess of pressure is required to overcome 
the resistance to the movement of the water and to give the water 
a definite velocity. This excess of pressure should never be made 
less than 3 m., and more would be better. 

The dimensions of the water supply pipe for the different cases are 
to be found in Chapter XVIII. and Table 36. 



4. The Waste-Water Pipe {Fall-Pipe) of the Dry Condenser (Fig. 15)- 

The fall-pipe of the dry condenser is used to conduct away 
continuously the condensed steam and the water used to condense it. 
Since there is a more or less complete vacuum in the condenser, 
the pressure of the external atmosphere will keep the water in the 
fall-pipe at a corresponding height, just as it supports the mercury 
in the barometer. 

The pressure of the atmosphere is equal to that of a column of 
water 10-336 m. high at its maximum density, i.e., at 4° C. ; it is 
1*0336 kilo, per sq. cm. Since, however, there is never a complete 
vacuum in the condenser, the height at which the column of waste 
water is kept by the atmosphere is always less. If 6 be the vacuum 
in the condenser measured in mm. of mercury, and the temperature 
of the water 4:° C, then the height of the column of water in the faU- 
pipe is, in metres, 

H-10-336A (177) 

Now the waste water is always somewhat warmer than 4"^ C, 
hence its specific gravity is less and its volume greater ; the column 
of water must accordingly be higher in proportion. 

According to Volkmann (1881), the volume of water, 7^, when it 
is unity at 4° C, is : — 



At 4° 


30° 


40° 


50° 


60° 


70° C. 


7. = 10 


100425 


1007700 


101197 


101694 


102261 


At 


80° 


loo-c. 








7.= 


102891 


104323 
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Table 42. 



The height of the water barometer at vacua of 570-750 



Vacuum, mm. mercury 

Temperature, ** 0. 

Water barometer, mm. at 4° C. - 

Water volumes at above temperatures 

Water barometer, mm., at above temperatures - 


570 

65 

7798 

1-01966 

7945 


611 

60 

8810 

1-01695 

8450 


642 
56 

8734 

1-01441 

8856 


The velocity of fall of the water, t?,,, and the quantity 


Diameter of the pipe, mm. . . - . 


100 


125 


160 


The head, h = 010 m. - - ^ v^ = 
The length of the fall-pipe, I = \ 
10117 + 100 + 500 = 10717 mm. J TT = 


0-63 
17-8 


0-66 
29-3 


0-695 
44-2 


The head, h = 0*20 m. - - ^ v^ = 
The length of the fall-pipe, I = 

10117 + 200 + 600 = 10817 mm. J W = 


0-89 
25-2 


0-93 
40-8 


0-98 
62-65 


The head, h = 0*30 m. - - \ v^ = 
The length of the faU-pipe, I = - 
10117 4- 300 + 500 = 10917 mm. i TT = 


1-09 
30-8 


110 
48-2 


1-21 
76-9 


The head, h = 040 m. - M t?^ = 
The length of the fall-pipe, I = \ 
10117 + 400 -h 500 = 11017 mm. J TT = 


1-26 
350 


1-33 
58-5 


1-40 
891 


The height of the water barometer, H = 10-117 



Thus the height of the column of water when at rest is, more 
accurately, for each vacuum and each temperature, 



iT= 10-336^7^ = 0013667, .... (178) 
Now the fall-pipe must convey a certain quantity of water in 
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Table 42. 
mm. of mercury and at the corresponding temperatures. 



668 705 

ho 40 

9085 9592 

1011877 1-007627 

9184 9665 


718 

36 

9768 

1-00593 

8817 


728 

80 

9902 

1-00425 

9944 


736 

25 

10016 

1-00800 

10046 


742 

20 

10100 

1-00173 

10117 


780 

10 

10212 

1-00090 

10212 




of water, TT, flowing away, in cub. m. per hour. 


175 


aoo 


225 


250 


300 


850 


400 

0-81 
366-2 


450 


0-70 
60-6 


0-74 
83-7 


0-76 
103-5 


0-761 
134-4 


0-785 
199-5 


0-81 
280-5 


0-815 
466-5 


100 
86-4 


104 
•117-5 


106 
1450 


1-08 
190-8 


1-11 
282-2 


1-13 
391-3 


1-14 
575-4 


1-15 
658-8 


1-25 
1080 


1-28 
144-3 


1-30 
177-8 


1-32 
2341 


1-36 
355-9 


1-38 
477-9 


1-40 
633-0 


1-41 
807-0 


.1-44 
124-4 


1-47 
166-2 


1-50 
205-2 


1-53 
270-3 


1-57 
399-0 


1-59 
552-4 


1-61 
727-9 


1-63 
933-0 


m. ; the addition for safety, s = 0-5 m. 



unit time, therefore the water must attain a certain velocity of fall, 
which can only be imparted to it by a certain head, h. 

This head, h, is that column of water, by which the water must 
stand higher in the fall-pipe than the difference between the external 
atmospheric pressure and the absolute pressure in the condenser. 
It is designed in the first place to overcome the resistances offered 
to the downward flow of the water, and, in the second, to impart 
the necessary velocity to the water. 
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If this head of water, h, be assumed for a definite case, the- 
velocity of the fall of the water, and hence the quantity of water,, 
which flows through a pipe of known section in a certain time, are 
found from well-known formules [Chapter XVIII., Equation (162)]. 
Or, inversely, a certain velocity of fall may be required, and the 
head, h, necessary to create this velocity may be calculated ; since 
we have adopted the plan of always calculating the efficiency of 
apparatus of known dimensions, the former course is taken here. 

Let (compare Fig. 15) 

H = the height of the water in the fall-pipe maintained by 
the vacuum, 

h = the head of pressure, then H + h ^ the length of pipe tra- 
versed by the water in metres, i.e., the theoretical 
height of the fall-pipe, 

v„ = the velocity of fall of the water in m. per sec, 

d = the diameter of the pipe in m., 

^1 = the coefficient for the resistance of the water on entering 
the fall-pipe = 0-605 (see p. 180), 

X = the coefficient for the friction of the water against the walla 
of the pipe (see p. 180), 
then the following equation holds good : — 

-T=^ST1 <"»^ 

^1 + f, + X -^- 

H + h, the length of the pipe traversed by the water, we may 
assume for purposes of calculation, with a slight error, to be always 
10 m., we may then, by inserting various values for h^ determine 
the resulting velocity of fall, v„, for all diameters of the pipe, d, to be 
considered. 

In Table 42 may be ^ found the velocities of fall calculated from 
equation (179), and thence the quantities of water flowing in one 
hour through the fall-pipe, for pipes of diameter d = 100-450 mm.^ 
and for heads, h, of 0-100.0-400 m. 

The waste water thus always stands in the pipe at the height H +h 
above the lower level of the water. However, this position of the water 
is not steady, but rises and falls in consequence of slight variations 
in the vacuum and in the water supply. Safety also demands that 
there shall be a certain space, s, above the water in the pipe, so that 
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the water may never collect in the condenser. Thus the fall-pipe 
must have at least the height, I = H + h + s. The length, s, may 
be chosen as desired ; it has been taken as 05 m. 

With these assumptions there are given in Table 42, for various, 
degrees of vacuum, pressure heads and diameters of pipe, the lengths 
of the fall-pipe, I, and the quantities of waste water, TT, per hour. If 
the length of the waste pipe be increased its diameter may be decreased, 
and vice versd. In making the choice of a diameter of pipe for a 
definite quantity of waste water, a high vacuum (750 mm.) in the 
condenser will naturally be assumed. 

The mean atmospheric pressure at the level of the sea is 760 mm. 
of mercury. At inland places, which always lie higher, it is less, but 
may there even reach 780 mm. 

The vacuum in the condenser will rarely be higher than 740 mm., 
but it would be well to calculate for a vacuum of at least 750 mm. 

In order to facilitate the entry of water into the fall-pipe, it should 
commence with a conical portion connected to the convex (downwards) 
bottom of the condenser. The angle enclosed by the sides of the cone 
should be 30^ 

' 5. The Distribution of the Water in the Condenser, 

After determining the weight of water required to condense a 
definite weight of steam, it is necessary to calculate the dimensions, 
of the appliances for distributing the water in the condenser. 

There are two principal methods used for distributing the water : — 

(a) The production of a falling sheet (veil) of water by overfloto 
over a straight or circular edge (sill). 

' (6) The production of water jets or drops by means of flat ^plates, 
provided with a rim and perforated by holes, by means of perforated 
pipes, roses, etc. 

(a) Overflows, — The following equation may be used to determine 
the quantity of water which passes over an overflow in one hour : — 

W = liLhh Jyh 3600 x 1000 . . . . : (180> 
in which 

W = the quantity of water flowing over in litres per hour, 
fi='a coefficient of contraction, which we shall take as 0*6, 
excluding the not very considerable alterations due to- 
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shape and inclination of the edge by selecting an 

average section, 
g = acceleration of gravity = 9 "81 m., 
h = the head in metres, 
h = the width of the overflow (sill) in metres. 

If the constants in equation (180) be replaced by their numerical 
values we obtain 

Tr= 6,400,000 6 >/P (approx.) .... (181) 

By means of this equation the necessary dimensions may be 
calculated for any case, but in order to avoid this calculation the 
•quantities of water, W, in cub. m. per hour which pass over sills of 
h =s 0*5-5 m. in width, with heads, h, of 0005-0'050 m., are given 
in Table 43. 




Fig. 16. 



Example, — If the width of the edge of the overflow (i.e., the length of the 
■sill) be 6 = 8 m., the head h = 0-020 m., then the quantity of water flowing per 
hour is 

W = 6,400.000 V(0^ = 54,240 litres. 

{h) Sieves. — The quantity of water, in litres, which flows in one 
hour through a hole of diameter d decimetres in the bottom of a 
vessel, in which the water stands at the constant height, h, without 
regard to all the contractions which diminish the rate of flow, is 

TF=10-j-V2^3600Utre8 (182) 
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Table 43. 
The quantity of water, in cub. m., which flows in one hour over 





RillH 0-6-6 


m. wide, with heads of 5-50 mm. 




Width ol 








Head 


h, in nun. 




















overflow, 
b. 

m. 


5 


10 


IS 


20 


25 


30 


40 


50 




Quanti 


by of water flowing over, in cub. m. 


per hour. 


0-5 


11 


3-2 


6-3 


90 


12-6 


16-6 


25-6 


36-6 


06 


1-3 


3-8 


7-6 


10-8 


15-2 


19-9 


30-7 


42-7 


0-7 


1-5 


4-4 


8-8 


12-7 


17-7 


23-2 


35-8 


49-8 


0-8 


1-7 


6-2 


10-1 


14-5 


20-3 


26-6 


41-0 


67-0 


0-9 


20 


6-7 


11-4 


16-3 


22-8 


29-9 


46-1 


64-1 


1-0 


2-2 


6-4 


12-6 


181 


25-3 


33-2 


61-2 


71-2 


11 


2-4 


70 


13-9 


19-9 


27-9 


36-5 


56-3 


78-4 


1-2 


2-6 


7-6 


15-2 


21-7 


30-4 


39-9 


61-6 


86-6 


1-3 


2-9 


8-3 


16-4 


23-5 


32-9 


43-2 


66-7 


92-6 


1-4 


31 


8-9 


17-7 


26-4 


35-5 


46-5 


71-7 


98-7 


1-5 


3-3 


9-6 


190 


27-2 


380 


49-8 


76-8 


106-9 


1-6 


3-5 


10-5 


20-2 


290 


40 6 


53-2 


82-0 


1140 


1-7 


3-7 


10-8 


21-5 


30-8 


431 


56-5 


87-1 


121-1 


1-8 


40 


11-5 


22-8 


32-6 


45-6 


59-8 


92-2 


128-3 


1-9 


4-2 


121 


240 


34-4 


48-2 


631 


97-4 


135-4 


20 


4-4 


12-8 


25-3 


36-2 


60-7 


66-5 


102-5 


142-5 


2-1 


4-6 


13-4 


26-6 


381 


63-2 


69-8 


107-6 


149-6 


2-2 


4-9 


14-1 


27-8 


39-9 


55-8 


731 


112-7 


156-8 


2-3 


51 


14-7 


291 


41-7 


68-3 


765 


117-9 


163-9 


2-4 


5-3 


15-3 


30-4 


43-5 


60-9 


79-8 


123 


171-0 


2-5 


55 


160 


31-6 


46-3 


63-4 


82-5 


128-1 


178-2 


2-6 


5-8 


16-6 


32-9 


471 


65-9 


86-2 


133-3 


186-3 


2-7 


6-0 


17-3 


34-2 


48-1 


68-5 


89-2 


138-4 


191-4 


2-8 


6-2 


17-9 


35-4 


49-2 


71-0 


931 


143-5 


199-5 


2-9 


6-4 


18-5 


36-7 


52-6 


73-6 


96-4 


148-6 


205-7 


30 


6-6 


19-2 


38-0 


54-2 


761 


99-7 


163-7 


213-8 


31 


6-9 


201 


39-2 


56-2 


78-6 


1031 


168-9 


220-9 


3-2 


71 


210 


40-5 


680 


812 


106-4 


164-0 


228-0 


3,3 


7-3 


21-1 


42-6 


59-8 


83-7 


109-7 


169-1 


235-2 


3-4 


7-6 


21-6 


430 


60-8 


86-2 


1130 


174-2 


242-3 


3-5 


7-8 


22-4 


44-3 


63-6 


88-8 


116-4 


179-4 


249-4 


3-6 


80 


23 


45-6 


65-3 


91-3 


119-7 


184-5 


256-6 


3-7 


8-2 


23-7 


46-8 


67-1 


93-9 


123-0 


189-6 263-7 
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Table 43 — (continued). 



Width of 






Head 


h, in mm. 




















overflow, 
b. 

m. 


5 


10 


16 


20 


25 30 

1 


40 


50 




Quantity of water flowiog over, in cub. m. 


per lioui 


■• 


3-8 


8-4 


24-3 


48-1 


68-9 


96-4 


126-3 


194-8 


270-8 


3-9 


8-7 


24-9 


49-4 


70-7 


98-9 


129-6 


199-9 


277-9 


40 


8-9 


25-6 


50-6 


72-5 


1015 


133-0 


2050 


285-1 


41 


91 


26-2 


61-9 


74-3 


1040 136-3 


210-1 


292-2 


4-2 


9-3 


26-9 


53-2 


76-2 


106-5 139-6 


215-3 


299-3 


4-3 


9-5 


27-5 


54-4 


780 


109-1 


143-0 


220-4 


306-5 


4-4 


9-8 


281 


55-7 


79-8 


111-6 


146-3 


225-5 


313-6 


4-6 


100 


28-8 


570 


81-6 


114-1 


149-6 


230-6 


320-7 


4-6 


10-2 


29-4 


58-2 


83-4 


116-7 


153-0 


236-8 


327-8 


4-7 


10-4 


301 


59-5 


85-2 


119-2 


156-3 


240-9 


335-0 


4-8 


10-7 


30-7 


60-8 


870 


121-8 


159-6 


246-0 


342-1 


4-9 


10-9 


31-3 


62-1 


88-9 


124-3 1 162-3 


251-1 


348-2 


50 


111 


320 


63-3 


90-7 


126-9 165-1 

1 


256-3 


356-4 



This theoretical amount of flow is, however, diminished by the 
«hape of the opening, the form of the edges of the orifice, the 
roughness of the walls of the hole and the thickness of the bottom, to 
such an extent that in reaUty only a fraction of the theoretical quantity 
of water can flow through the hole. The holes to be considered here 
are such as are bored without any great care in the sieve-plate. The 
amount of flow is also aff^ected in high degree by the violent motion in 
which the water is kept, before its escape, by the supply of fresh water 
falling into the sieve. 

Thus since it cannot be assumed that the quantities of water, even 
when calculated by well-known formulae with regard to the contractions^ 
are realised in practice, we have determined by direct observation the 
quantities of water which flow through holes of 3, 4, 5, 6, 7 and 8 
mm. in diameter from vessels which are kept constantly filled with 
water to heights of 10, 15, 30, 40, 50 and 200 mm. It was found 
that the real amounts of flow were very different in eacli case from 
those calculated without regard to all the disturbing influences — to 
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223 



(a) The volume-of water, in litres, which runs from a sprinkler in one 

hour through holes 2-10 mm. in diameter, with the water at 
heights of /i = 10-200 mm. (Taken at 15 per cent, less than 
the calculated.) 

(b) The number of holes of 2-10 mm. diameter required to pass 4-300 

cub. m. of water per hour, when ^ = 10 mm. 





Diameter of the holes in mm. 


Height 


















of the 


2 


8 


4 


5 6 


7 


8 


9 


10 


water 
on the 




























sieve, h. 


(a) 


The volume of w 


ater, in litres, flowing througb 


one hole 










in one hour. 




mm. 












10 


4-75 


9 


1 

i 17 


27 


38 


52 


68 


86 


106 


15 


5-2 


11 


20 


31 


47 


64 


83 


105 


130 


30 


7-46 


16 


1 29 


45 


65 


87 


100 


149 


184 


40 


8-5 


18 


34 


53 


77 


104 


136 


172 


213 


60 


9-67 


24 


38 


69 


86 


120 


153 


196 


242 


200 


19-88 


42-4 


76 

1 


119 171 


227 


300 


402 


497 


Hourly 












flow of 












water. 


(6) 


The necf 


issary nu 
att 


mber of holes, n, when the wa 
he height, /( = 10 mm. 


ter stands 


cub. m. 












4 


842 


423 


235 


150 


105 


77 


59 


46 


38 


6 


1263 


634 


353 


226 


157 


115 


88 


70 


56 


8 


1684 


846 


470 


301 


210 


154 


118 


93 


76 


10 


2105 


1057 


588 


376 262 


192 


147 


116 


94 


15 


3158 


1585 


882 


664 393 


289 


220 


175 


141 


20 


4210 


2214 


1176 


752 524 


382 


294 


232 


148 


25 


5264 


2643 


1470 


9401 655 


481 


367 


291 


236 


30 


6315 


3171 


1764 


11261 786 


576 


441 


348 


282 


35 


7368 


3699 


2058 


13161 917 


672 


514 


406 


329 


40 


8420 


4228 


2362 


1504 1 1048 


768 


688 


464 


376 


50 


10527 


6285 


2940 


1880 ' 1309 


962 


734 


682 


472 


60 


12630 


6342 


3528 


2256 ! 1672 


1162 


882 


696 


664 


70 


14735 


7399 


41161 

1 


2632 1834 

1 


1344 


1029 


812 


658 
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Table 44 — (contimted). 



Hourly 


Diameter of the holes in mm. 


2 


3 


4 


5 


6 


7 


8 


9 


10 


flow of 




















water. 






{b) The necessary number of holes, ft, when the water stands 




at the height, ^ = 10 mm. 


cub. m. 




80 


16840 


8456 


4704 


3008 


2096 


1536 


1176 


928 


752 


90 


18947 


9513 


5292 


3384 


2357 


1730 


1322 


1046 


848 


100 


21053 


10570 


5880 


3759 


2618 


1923 


1468 


1163 


943 


125 


26362 


13212 


7350 


4699 


3272 


2404 


1832 


1454 


1179 


150 


31580 


15850 


8820 


5639 


3927 


2885 


2202 


1745 


1415 


175 


36889 


18497 


10290 


6579 


4581 


3366 


2566 


2036 


1651 


200 


42106 


21140 


11760 


7518 


5236 


3846 


2936 


2326 


1886 


225 


47416 


23782 


13230 


8458 


5890 


4327 


3300 


2617 


2122 


250 


52733 


26425 


14700 


9398 


6545 


4808 


3670 


2908 


2358 


275 


57942 


29062 


16170 


10338 


7iy9 


4289 


4034 


3199 


2594 


300 


63160 


31710 


17640 


11278 


7954 


5770 


4404 


3490 


2830 



such an extent that they were 1-30 per cent. less. The mean 
difference in the flow from that calculated without regard to the 
contraction was 8 '3 per cent. less. 

In Table 44 are given the probable amounts of flow, as shown by 
the experiments, through holes of 2-10 mm. diameter in one hour^ 
when the water stands upon the sieve at heights of 10-200 mm. 

Since it is always known how much water per hour is to be 
sprayed into the condenser, the number of holes required in the 
sieve can be at once calculated by the aid of this table. The sieve 
naturally passes the more water, the greater the height at which it 
stands on the sieve, so that the height of the water itself regulates 
the varying supplies of water required in working every condenser. 

Table 44 also gives the number of holes, n, of 2-10 mm. diameter, 
necessary to transmit 4-300 cub. m. of water per hour, when the water 
stands at a height of 10 mm. If the water stands at any other height, 
ha, in metres, the necessary number of holes in the sieve is then 

- --^^^ 0-1" .... (183) 



\'K 



s/h. 
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Accordingly, if n holes are necessary to pass a certain volume of 
water, when the height of the water is 10 mm., the number of holes, 
n^, required to pass the same quantity of water, when it stands at 
some other height, h^, is 

K^ 16 30 40 50 200 mm. 

Ua = 0-82n 0-58« 0-5n 0-447n 0-224n 

6. The Diameter of the Steam Pipe, 

The weight of steam, D, to be condensed in a certain time is knowm 
in each case, as also the desired vacuum. The diameter of the pipe- 
conveying the steam can therefore be found from Table 32 (Chapter' 
XVII.). It is there assumed, in calculating the bore of the pipe, that • 
it is 20 m. long, and that the loss of pressure is 0*5 per cent. If the 
pipe leading from the evaporator to the condenser has another length, . 
Za, the weight of steam passing with 0*5 per cent, loss of pressure is - 

/20 
obtained by multiplying that given in Table 32 by a/^. If a greater 

loss of pressure is allowed in order that a narrower pipe mely be used, 
the weight of steam passing through the pipe with z^ per cent, loss of 

pressure is obtained by multiplying that given in Table 32 by a/ ^. 

For another length, l^, and another loss of pressure, Za, the weight 
of steam passing through the pipe in one hour is obtained by multi- 
plying the weight in Table 32 by J^Oj. 

Example, — Through a pipe 20 m. long and 200 mm. in diameter, at a vacmrm 
of 750 mm., and with 0*5 per cent, loss of pressure, 124 kilos, of steam pass in one 
hour. Through a similar pipe, U — 30 m. long, and with 5 per cent, loss of 
pressure allowed, pass 

D = 124 y ^ = 124 'Y^-^ = 318-47 kilos, of steam. 



7. The Diameter of the Air Pipe, 

The diameter of the pipe leading from the condenser to the air- 
pump is determined by the hourly weight of air to be exhausted, which 
we assume (somewhat extravagantly, see Chapter XXIII.) to be 0*26 

15 
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kilo, per 1000 kilos, of injected water. Table 35 gives the weight of 
air passed through pipes of various diameters, 20 m. long, with 0'6 
per cent, loss of pressure, in one hour. For any other length, /., and 
another loss of pressure, Zay the weights given in Table 36 are to be 

Vio^ 
—j-^ in order to obtain the weights of air conveyed 

under these conditions. 

8. The Heating of the Injected Water. 

The injected water is heated through the medium of its surface by 
the steam, with which it comes into direct contact. The greater the 
surface of a quantity of water in proportion to its volume, the more 
rapidly will it be heated by the surrounding steam. With regard to 
this point, the division of the water in the jet-condenser may be effected 
in four different ways : — 

The cooling water may flow over surfaces across which passes the 

steam to be condensed. 
It may fall down in plane or curved sheets, which are in contact 

with the steam on both sides. 
It may fall in jets into the steam in the condenser. 
It may be sprinkled into the condenser in the form of drops. 

The ratio of the surface of the water to its volume depends on the 
thickness of the sheets of flowing or falling water and on the diameter 
of the jets or drops. The following short Table 45 has been arranged 
in order to form an idea of these conditions. The ratio is given of the 
surface (o) in sq. mm, to the volume in cub. mm. (i) for thicknesses (8) 
or diameters (8) of 2-10 mm. 

Of the conditions considered here, assumed by the water in the 

condenser, the ratio of the surface to the volume l-^j is the least in 

the case of water flowing over surfaces and the greatest in the case 
of spherical drops. Thus water divided into drops will ceteris parilnis 
most rapidly acquire the temperature of the surrounding steam in a 
condenser. Regarded from this point of view, it would be best to 
spray the water into the condenser in the smallest drops possible ; but 
this is not easily effected, since it is difficult to divide water up into 
uniform drops. 
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Table 45. 

The surface and volume, and their ratio, of flowing and falling 
sheets, jets and drops of water. 



ThicknesB or 
meter, 8 


dia- 


2 


3 


4 


6 

1 


1 i ! 

6 1 7 1 8 1 9 


10 


Surface of sphere 





12-56 


23-27 


60-2 


i 1 ■ ^ 1 

78-5 118-08 183-92' 20104|254-47| 314-16 


Volume of sphere 


i 


4-1887 


14-137 


35-51 


1 ■ 1 

65-43 1 118-08 179-6 268-07| 381-8 523-68 

1 1 


Surface of jet - 





12-66 


28-27 


60-2 


78-6 
98-15 


1 1 
113-08 153-92 201-04' 254-4 31416 

1 


Volume of jet - 


i 


6-28 


21-2 


60-2 


1 

i 

169-6 269-3 401 , 672 

1 , 1 


785 


Sheet (flowing) - 


o 

i 


0-5 


0-333 


0-26 


0-2 


i 
0-1667 01429 0125 | 0111 

1 


1 

1 0-1 


Sheet (falling) - 




1 


10 


0-667 


0-6 


0-4 


0-338 0-2859 0-25 0-222! 0-2 


Jet - - - 




i 


2 


1-338 


1-0 


0-80 


0-666' 0-5718 0-5 0-44471 04 

1 


Drop - 




i 


3 


2 


1-6 


1-2 


1 , 1 

1-00 ' 0-855 i 0-75 ' 0-666 0-6 

1 i 


Sheet (flowing) - 


i 




2 


3 


4 


5 


6 


I 

7 1 8 1 9 10 

1 1 


Sheet (falling) - 


i 




1 


1-6 


2 


2-5 


3 


1 

3-6 1 .4 4-5 6 
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0-5 


0-76 


1 
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: , 1 
1-5 1-75 . 2 1 2-25 2-5 

1 


Drop - 


i 
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0-60 


0.666 


0-838 


1 1 
1 1-17 1 1-333 ! 1-5 1 1-666 

1 1 1 
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All methods of distributing water are employed in oondensers; 
thus it is important to consider each, and to see what time each re- 
quires in order that the injected water may be heated from its original 
low temperature to the desired higher temperature. 

In most cases heat is transferred to liquids by means of movements^ 
circulations and currents, naturally or artificially produced in them; 
but in this case, in which the water falls free, such movements cannot 
be assumed, since, apart from the friction exerted by the steam on its 
surface, and the motions due to the vibrating opening of the orifices, 
only gravity acts upon the particles of water. This force, on account 
of the complete uniformity of its action on all parts, cannot cause 
internal movements. Thus the heat is transferred from the exterior 
to the interior of the masses of water principally by condtiction. 

The conductivity of water for heat is very low. According to 
several concordant researches its coefficient, X = 0093 gram-calories 
(i.e., per 1 sq. cm., 1 minute, 10 mm. thickness of the water layer and 
1** C. difference in temperature on the two sides of the mass of water) or 

X = ^ Yoon ~ 0155 calories (i.e., per 1 sq. m., 1 second^ 

1 mm. thickness and 1° difference in temperature) ; or in other words,, 
through a layer of water 1 sq. m. in surface and 1 mm. thick, the two 
surfaces of which are kept constantly at a difference in temperature of 
1** C., 0155 calories pass in 1 second. 

It will further be assumed that the quantity of heat passing 
through a layer of water in the condition of equilibrium is directly 
proportional to the section (Q in sq. m.), the time {z, in seconds), the 
constant difference of temperature {$„ in ° C), and inversely pro- 
portional to the thickness of the layer of water to be penetrated (rj m 
mm.). Thus in the condition of equilibrium 

C = ^^ calories ' . (184) 

V 

However, in warming water, which is falling in a condenser in the 
form of sheets, jets or drops, we have not to do with a condition of 
equilibrium, but with the initial period of the heating, in which the 
heat penetrates the water from outside by conduction. In this period 
it is true that the temperature difference between the steam and the 
last layer just reached by the heat wave is constant « $„, but the 
resistance, which the thickness of the sheet of water opposes to tha 
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penetration of the heat, is zero at the commencement of the heating 
(at the surface) and increases with the depth, 17, to which the heat has 
penetrated. The thickness of the sheet of water is on the average 

only ~. The quantity of heat, which all the more or less heated 

layers together have taken up, is equal to the weight of these layers 
multiplied by the average increase in temperature of all layers (if 

o>=i). 

The equation for the initial period of the heating has thus the 
following form : — 

C^9M^ (185) 

2 

Now the heat does not advance from the surface into the interior 
in such a manner that the thin layer first in contact with the steam 
completely acquires its temperature, and then a second, third, etc., 
acquire the same temperature. The process is that the layer of 
contact first acquires a small increase in temperature, which gradually 
rises, but during this rise in temperature the first layer is already 
communicating heat to the second, this to the third, and so on. 
Whilst the heat advances in succession from one layer to the following 
colder layers, the already heated layers are becoming hotter and hotter 
at the same time. The law is : As the distance from the surface of 
contact {between the two substances which are becoming equal in 
temperature) increases in arithmetical progression, the temperature 
decreases in geometrical progression. 

The decrease in temperature from layer to layer follows the same 
law as the decrease in the temperature difference from moment to 
moment in heating by steam, as explained in Chapter I. 

At the commencement of heating water by conduction, after the 
layer of contact has almost attained the temperature of the steam, the 
temperatures of the following layers increase at first rapidly, then very 
slowly. 

The average rise in temperature of the mass of the water at the 
commencement of heating may be determined, as in Chapter I., by 
equation (8), but it may also be found in a finite manner, with tolerable 
accuracy, just as the mean temperature difference was there found. 

If the whole difference in temperature between steam and water 
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at first be 0^, then, after a certain time, when the heat has penetrated 
the water to some distance, and assuming that the sections of the 
layers remain of equal size, the difference in temperature 

Between the steam and the first layer = xOa- 

,, first and second layers = x{Oa - x$„) = xOa{l - x). 

„ second and third layers = x{{0^ - xOJ) - x$a,{l - x)\, 

= xe,{l - xy, 
,, last but one and the 

last layer = xO^il - x)""**^. 

If, as in Chapter I., we represent by 0^ the difference in tempera- 
ture between the last, or rtth, layer, which is just warmed, and the 
first layer, which is not warmed at all, then from the above considera- 
tions, just as before, 

^ = i-"7| (1^) 

We may now, just as before with the differences in temperature, 
sum the increctses in temperature of the single layers, and divide by the 
number of layers, in order to obtain the average increase in temperature. 
The increases in temperature of the single layers are : — 

Of the first layer - - ^a. 

,, second layer - 0^ - xO^ = 0^{1 - x). 

„ third „ - 0^(1 -xy, 

„ nth „ - 0^{1 - xy-K 

The sum 

5. = ^,{1 + (1 - a:) + (1 - a;)2 + (1 - a;)3 + . . . + (1 - a;)"-i}. 

Thus the mean increase in temperature of the water is 

If we now express, as before, 0^ as a fraction of 0^, then ^ is always 

a proper fraction. The value of j must, in fact, with an infinite 

number of layers, almost become zero. We assume its value, on 
account of the finite nature of our calculation, as in Chapter I., to be 
001 = 1 per cent. The inaccuracy is not of much importance. 
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The average, or mean, increase in temperature, t^„, of the 100 
ideal parallel and equal layers in the sheet of water is, assuming that 
the whole difference in temperature at the beginning is $^ and at the 
end is 0, = 001d«, according to Table 1, t,^ = 0-216^^. 

The quantity of heat which the water has absorbed, when it is 
heated to the depth, 17, in mm., is therefore 

C = 0'215e,Qrf (188) 

Now, in order to obtain an expression for the time, 2r„ during 
which the quantity of heat, 0, has penetrated through the surface (or 
section), Q, at the constant difference in temperature, 0^, into a sheet 
of water to the depth, 1;, the expressions (185) and (188) are put equal 
to one another. We obtain 

2Q-2fi, = 2150,Qrf (189) 

2\2. = 0-216772 ; 
or, since X = 0'156, 

-?. = 0-69V (190) 



and 



V 



^Voi ^'^'^ 



Equation (190) gives the time, z„ in seconds, in which a sheet of 
water, 17 mm. thick, heated by steam on one side, acquires the 
temperature of the steam on the heated side and is just beginning 
to get warmer on the other side. 

From equation (191) the thickness, 17, of the sheet which is heated in 
this manner in the time, z„ may be calculated. It is seen very plainly 
from equations (190) and (191) that the steam rapidly heats the 
external layers of the water with which it is in contact, and that the 
heat then proceeds only slowly (at a speed inversely as the square of 
the thickness) into the interior of the body of water. 

The principal quantity of heat, which is conducted in a definite 
time into the water, remains in and near the outer layers. Little 
heat is transmitted to the interior, and this little only after the lapse 
of time. 

From these considerations follow the conditions for a rapid heating 
of water to a high temperature by direct contact with steam : — 

1. The surface of the water must be very great. 

2. The surface must rapidly change. 

3. The period of contact between steam and water must be as long 

as possible. 
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In order to express these statements precisely in figures, Table 46 
is added. It gives the depth in mm. to which the heat penetrates in 
0*1-1*2 seconds into a sheet of water in contact with steam on one 
side, the number of calories which are taken up in this time, and to 
what fraction of the total difference in temperature, B^j the total 
quantity of water, 1-7 mm. thick, would be heated if the heat were 
supposed to be uniformly distributed throughout. These values are 
given for sheets, jets and spheres. 

It is clearly seen from Table 46, that the quantity of heat which 
enters in no way increases proportionately with the time, but that 
much more heat is taken up by the water at the first contact than 
later. 

If the heat has entered a sheet of water from one surface and has 
warmed it (decreasingly) only to the depth, ly, of the whole thickness, 
S, then, as we have seen, the quantity of heat which has entered is as 
great as if the volume, Qiy, of a portion of the sheet had received the 
increase in temperature, 0'216^^, or as if the whole sheet of thick- 
ness, 8, had attained the increase in temperature of 

^p = |0-215^„in^C (192) 

In a jet (cylinder) of diameter, 8, which is heated from its surface, 
the heat spreads as in a sheet. But since the volumes of the 
cylindrical layers decrease from outside inwards, and also the 
temperatures of the layers, we obtain the following equation, if t^^ be 
the hypothetical increase in temperature of the whole jet : — 

t,,-^ = 0-215^.,(S - 2 X 0-2^)7r .... (193) 
,,^, 0-86^.,(8.04,) ^,g^j 

In drops (spheres) something similar takes plq*ce. The average 
increase in temperature, <,*, is found by multiplying the volume of 
the heated hollow sphere by its mean increase in temperature and 
dividing by the volume of the whole drop. The volume heated is 
equal to the section of the diagram of the heated hollow sphere 
multiplied by the surface of that sphere, which contains the centre of 
gravity of this diagram. 

tj^ = 0-215d«i;(8 - 2 X 0-2i7)2,r .... (195) 
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- ^,,83 = 6 X 0-215^,1/(8 - 2 X 0-2riy 

^^^^ijm^j^^o:^ (,gg^ 

Table 46 gives, in column 3, the depth, ?/, to which, according to 
equation (191), the heat would penetrate in z, = 0-1-1 -2 seconds into 
a sheet of water warmed on* one side, and in column 4 the quantity of 
heat in calories which enters in this time through 1 sq. m. of the water 
surface with a temperature difference of 0„ = 1° C. Columns 6-12 
give, for sheets of water, jets and drops of 8 = 1-7 mm. thickness or 
diameter respectively, the mean increase in temperature of the whole 
mass in the times given, for each 1° difference in temperature. 

It is clearly seen from this Table 46 that the greatest transference 
of heat takes place at the moment of contact of water and steam, and 
that it then becomes much slower, since the difficulty experienced by 
the heat in entering the water increases with the depth. 

It is not maintained that this method of consideration, and the 
conclusions drawn therefrom, lead to infaUible figures to be at once 
applied in construction. They appear, however, to approach very 
nearly to the truth and to give very valuable indications. 

9. The Volumes occupied by 1 kilo, of Air at Various Pressures 
below 1 Atmosphere and at Various Temperatures. 

In determining the dimensions of condenser and air-pump, it is 
necessary to know the volume occupied by 1 kilo, of air imder 
diminished pressure and at various temperatures. Table 47 gives 
these volumes for most ordinary cases. It has been calcularted in the 
following manner : — 

Let y, = the weight of 1 cub. m. of air in kilos., 
ai = the volume of 1 kilo, of air in cub. m., 
/, = the temperature of the air in ° C, 
T = the absolute temperature, 

= + tf, in which a is the coefficient of expansion of air. 
According to Dronke, for air under very low pres- 
sures - = 274-6. Therefore T = 274-6 + «„ 
a 

p = the mean atmospheric pressure = 10,336 kilos, persq. m., 

when the barometer stands at 760 mm., 
i? = a constant, which for air is 29*27. 
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^ Table 46. 

The heating of sheets, jets and drops of water by direct contact with 

steam. 
The depth, rj, to which the heat penetrates in the time, z, (column 3). 
The fraction of the original difference in temperature, through which 

the whole mass of the water is warmed in the times, z, = 0*1 -1*2 

seconds {t^$a for 0^ = 1). 
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Table 46 — (continued). 
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Then the law is 



a,p 



= E 



(197) 



The volume of 1 kilo, of air at the pressure, p, and the tempera- 
ture, ti, is therefore 

_ 1 _^ 29-27(274-6 + Q 



yi 



(198) 
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Table 47. 
The volumes, in cub. m., of 1 kilo, of air, at absolute pressures of 6 = 

temperatures 



Vacuum. 



767-39 1 765 



753 i 750 



748 



746 



743 



740 



736 



730 



726 



Absolute pressure, 6. 



2-61 



10 



12 



16 



17 20 



26 



30 



36 



Volumes, a^ in cub. m., of 1 kilo, of air. 



8 170-36 120-16 
10 174-46 122-31 
178-58124-45 
20 182-69 126-60 
26 186-81 128-74 
30190-93130-91 



85-53'60-08 50-07 4006 35-34 30-05 2402 2002 1716 
87-37!6116 50-97140-79 3597 30-58 24-46'20-39 17-47 
88-90 62-23 51-86141-51 36-60'31-ll'24-88'20-47 17-77 
90-44|63-3l|52-76 42-25 37-2431-66,25-3l!21-10 18-09 
91 -97164-38153 -65 42-97 37-87 32-20 25-73 21 -45 18-39 
93-51 65-45,54-55 43-70 38-50'32-73 26-16121 -81|18-70 



35 195-04 133-06 95-04'66-52|55-44'44-42 39-14 33-27 26-58 22-1619-00 
M 199-16 135-21 96-58 67-60'56-34|45-14 39-77'33-80 27-02|22-53 1931 
45 203-27 137-36 98-lll68-67'57-24'45-87 40-40,34-34 27-44 22-88 19-61 
50207-39139-51 99-65;69-75J5813!46-60 41-03,34-88 27-87123-25 1993 
55 211-5l|l41-67101-67;70-815902|47-3241-6735-42'28-29 23-60 20-23 
60^215-63 143-8 102-72,71-90;6012 48-05 42-30'35-92 28-75 2396 2054 



When the barometer is at b mm. of mercury, the absolute pressure 
on 1 sq. m. is 

10,3366 



P = 



760 



Thus the volume of 1 kilo, of air is 



a. = 



2-149(274-6 + Q 



(199) 



(200) 



Table 47 has been calculated by inserting the various values for 
b and ti. 
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Table 47. 

2-61-210 mm. of mercury, i.e., at vacua of 757*39-650 mm., and at 
from 6°-60° C. 



Vacuum. 


2 
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1 ' 1 
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7-39 


60 



10. The Time of Fall of the Injected Water. 



In Table 48 are given the distances through which drops of water 
fall in 0-06-1 "7 sees., when gravity alone acts on them, without the 
interference of currents of steam or gas. It is seen that water, when 
it falls free, passes through condensers even 4 m. high in 09 sec, and 
remains a still shorter time in lower condensers. 

If the current of steam moves downwards in the same direction as the 
water (wet condensers), the time of fall is somewhat further decreased, 
but if the steam moves upwards against the falling water (dry counter- 



238 EVAPORATING AND CONDENSING APPARATUS. 

Table 47 — (continued). 
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95 


100 


1 -106 


i 110 116 

1 1 


120 


126 j 130 1 136 140 145 150 


Volumes, oi, in cub. m., of 1 kilo, of air. 


5 
10 


6-32 601 
6-441 612 


1 1 1 1 ' 
5-72 5-46 5-22 5-00! 4-80, 4-62i 4-45; 429, 4-14 400 

5-825' 5-66 5-32| 509, 4-89' 4-70! 4-53 4-37, 4-22' 408 


16 


6-55' 6-22 


5-92 


; 5-66 5-41 5-181 497 4-78 4-61] 4-44! 4-291 415 


20 


6-67, 6-33 


1603 


1 5-75 5-50 5-27, 5-06; 4-87 4-69, 4-52, 4-36 4-22 


25 
30 


6-78 6-44 6-13 
6-88^ 6-546' 6-24 


1 5-85' 5-60 5-36' 5-15 4-95i 477' 4-60 4-44i 429 
5-95, 5-69 5-45 523' 503: 4-85; 4-68| 4-51 4-36 


36 


700 6-66 


6-33 


' 6-05 5-79 5-54: 5-32 511 4-93' 4-75 4-58 444 


40 


7-11, 6-76 


|6-44 


615; 5-88 5-63 5-41 520 501 4-83 4-66 


4-51 


45 


7-22 6-87 


'6-54 


i 6-24 5-97 5-72: 550 5-28; 508 4-90! 473 


4-58 


50 


7-34 6-98 


|6-65 


I 6-34 6-07i 5-80, 5-58 536 517 4-98 4-80; 4-65 


66 
60 


7-45 708 
7-57 7-19 


,6-75 
16-85 

1 


' 6-44 6-17, 5-89, 5-67 5-44' 5-24' 506 4-88, 472 
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current condensers), the tirae is somewhat longer. In any case large 
drops of water can experience but a slight and insufficient heating 
in this short time, as Table 46 shows. Since the distances fallen 
through in the first moments are much smaller than those in the 
succeeding moments, steps or catch-plates, placed at short distances 
apart, and continually bringing the water again to rest after brief in- 
tervals of falling, serve to lengthen considerably the time of fall. 

By the aid of the preceding separated considerations of the 
requirements of jet- condensers, we can now determine their prin- 
cipal dimensions for the most usual cases ; this is done in Tables 49 
and 51. The principles upon which these tables have been calculated 
must first be briefly indicated. 
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Table 47 — {c(mtinued). 



Vacuum. 


£ 

a 

a 
t, 


605 


600 595 


690 


686 580 676 670 

! 1 


566 


560 


566 


660 


Absolute pressure, b. 








\ 
166 160 166 170 

1 1 1 


175 ' 180 186 190 1 196 

1 1 1 


200 


206 


210 


Volumes, a,, in cub. m., of 1 kilo, of air. 


3-87 


3-75 3-64 3-53 3-43 3-33 


3-24 


3-16, 3-08 


3-00 


2-93 


2-86 


5 


394' 3-82; 3-70 360 349 339 


3-30; 3-22 3-14 


3-06 


2-98 


2-91 


10 


401 3-89 3-77| 3-66 3-56 3-45j 3-36| 327 318 
408 3-95! 3-831 372 362 3-62 3-421 333 324 


3-10 


3-03 


2-97 


15 


3-16 


3-08 


301 


20 


415 402] 3-90, 379 368 357; 348, 339 330 


3-22 


3-14 


3-06 


25 


4-22 


4-09 


3-97| 3-86 3-74 363' 3-53| 344, 335 


3-27 


3-19 


3-12 


80 


4-29 


4-15 


4-03' 3-91, 3-80 3-69i 359 349 340 


3-32 


3-24 


3-17 


35 


4-36 4-22; 4-09' 397 386, 3-75' 3-65i 355 3-46 


3-37 


3-29 


3-22 


40 


4-43; 4-29 416 404 392 381 3-70' 361 352 


3-43 


3-34 


3-27 


45 


4-60I 4-36] 4-23i 4-10 398 387 3-771 3-67, 358 


3-49 


3-40 


3-22 


50 


4-57i 4-42' 4-29 4-16 405 3-931 3-82' 373 3-63 


3-54 


3-45 


3-37 


55 


4-64| 4-49; 4-35j 4-23 411' 399 3-881 3-78, 368 

III' 1 ! ■ ■ 


3-60 


3-50 


3-42 


60 



11. The Dimensions of Wet {Parallel- Current) Jet- Condensers. 

Wet condensers are used with advantage in connection with 
evaporators of small and medium capacity, evaporating 100-3000 
kilos, per hour, for which limits Table 49 has been calculated (Fig. 
14, p. 210). 

The wet parallel-current condenser is a closed vessel, which is 
entered at the top by the steam to be condensed and the cooling 
water, and from which the liquefied vapours, the heated cooling 
water and the uncondensed gases are together exhausted by means 
of a "wet" air-pump. The diameter and height of the condenser 
and the diameter of the pipes, by which the steam and water enter 
and the water leaves, are to be calculated. 
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Table 48. 
Distance in mm. traversed in a free fall during 0'05-l*7 seconds. 



Time, 


Height 


Time, 


Height 


Time, 


Height 


Time, 


Height 


«.. 


of fall. 


«•• 


of fall. 


z,. 


of fall. 


«<• 


of fall. 


sec. 


mm. 


sec. 


mm. 


sec. 


mm. 


sec. 


mm. 


005 


12-5 


0-30 


441-45 


0-775 


2943 


1-26 


7663 


0-06 


17-62 


0-325 


517-4 


0-80 


3139 


1-276 


7947 


007 


23-8 


0-35 


597-9 


0-825 


3335 


1-30 


8289 


008 


31-36 


0-376 


699 


0-85 


3641 


1-326 


8604 


009 


39-69 


0-40 


784-8 


0-875 


3761 


1-35 


8936 


010 


49-05 


0-426 


884-9 


0-90 


3971 


1-375 


9260 


Oil 


59-35 


0-45 


993-2 


0-925 


4193 


1-40 


9613 


012 


70-6 


0-476 


1105-4 


0-95 


4414 


1-425 


9947 


013 


82-8 


0-50 


1226-3 


0-976 


4658 


1-46 


10000 


014 


961 


0-525 


1350-4 


1-00 


4905 


1-476 


10657 


015 


110-4 


0-65 


1483-7 


1-025 


5169 


1-50 


10996 


016 


125-5 


0-675 


1629-9 


1-05 


6507 


1-625 


11417 


017 


141-7 


0-60 


1766-8 


1-075 


6659 


1-55 


11823 


0-18 


158-9 


0-625 


1926 


1-10 


5936 


1-576 


12132 


019 


177-1 


0-65 


2069 


1125 


6188 


1-60 


12544 


0-20 


196-2 


0-675 


2232 


1-16 


6483 


1-626 


12936 


0-225 


247-9 


0-70 


2403 


1-176 


6771 


1-650 


13343 


0-25 


306-5 


0-725 


2575 


1-20 


6953 


1-676 


13750 


0-275 


370-4 


0-75 


2756 


1-226 


7350 


1-70 


14161 



This species of condenser is called "wet," since it is always 
connected with a *' wet" air-pump, i.e., an air-pump which exhausts- 
the water together with the air. 

** Dry " condensers are so called because they are connected with 
a "dry" air-pump, i.e., a pump which extracts only air, without 
water. The waste water of dry condensers generally passes away 
by its own weight by means of a barometric column (Fig. 15, see 
observations on p. 208). 

A wet condenser should never be connected with a dry air-pump^ 
which cannot take the waste water. 

Thediameter of the steam-pipe leading to the condenser may be found 
by means of Table 32, in which is given the weight of steam passing 
in one hour through pipes 20 m. long with a loss of pressure of 0*5 
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per cent. In settling the conditions for Table 49 we have, however, 
assumed that the resistance in the pipe between evaporator and con- 
denser may take 2 per cent, of the absolute pressure. In this case 
double the quantity of steam passes through the same pipe, and for 
the desired capacity the pipe will be narrower and therefore cheaper. 
This condition is taken because in reality the assumed high vacuum 
(705 mm.) is not always maintained, and since, in order to meet 
fluctuations in working, condensers are generally made very large in 
proportion to the work required of them. Steam -pipes of very much 
smaller diameter are frequently found. 

The difference in temperature between steam and cooling water i^ 
when they enter at the top, ranges between about 55°-30° C. 

The temperature difference at the end (bottom) is 35°- 20° C, since' 
the waste water should never be allowed to become very warm. The 
temperature difference at the bottom accordingly is to that at the top in 
the ratio §| or f J, i.e., at the mean, is about 0-66 of the difference at . 
the top. The cooling water is therefore only heated through about 
J of the original difference in temperature between steam and water, 
or tf = OSSO^f for which the following times are sufficient, according to. 
Table 46, for drops of 

8=1 2 3 4 mm. diameter.. 

z, = 01 0-3 0-6 11 seconds. 

In order that the drops may be in the condenser during these? 
times, the following heights of free fall are necessary : — 

h^ 4:9 441 1765 5935 mm. 

When the water is very finely divided, a very short time suffices 
to warm it; for drops of 1-2J mm. diameter, condensers 1000 mm, 
high, without steps, are approximately sufficient. Much larger dropa 
cannot be sufficiently heated by similar condensers of great height. 
Experience shows that in practice, when the water is well divided, 
good results are obtained with these dimensions. If thicker massea 
of water are intended, one step is, in general, sufficient. 

The free section of the wet condenser need not be much greater 
than that of the steam pipe, if the latter has the proper dimensions ; 
but it may be larger without harm, since the velocity of the steam 
diminishes in the condenser, from its entrance downwards, to zero„ 
and is on the average about half as large as at its entrance. 

16 
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The section of the condenser is generally diminished by the pipe 
through which the water is injected, and also by the jets and drops of 
water. Since the friction of the great number of particles of water 
against the current of steam is not inconsiderable, it is well to enlarge 
the section of the condenser correspondingly, in order to prevent loss 
of pressure. For condensers without steps we adopt a section about 
20 per cent, greater than that of the steam pipe of liberal dimensions. 
If there are one or two steps in the condenser, the section must be at 
least double that of the pipe by which the steam enters. 

The mean pressure, which the current of steam exerts on the falling 
drops in their direction of motion, increasing their acceleration and 
thus decreasing the time during which they are falling through the 
condenser, is calculated only at about one-quarter of that which the 
entrant velocity of the steam would exert ; this is because the drops, 
by their velocity of fall, themselves diminish the influence of this 
pressure. Even if the velocity of the steam on entering the top of 
the condenser were 30 m. per second, it would only slightly shorten 
the time of fall of small drops of 2 mm. diameter, and this all the 
less when the drops, thrown violently about, touch the walls and are 
retarded. 

The inter'nal height of ccrndensers without stejjs, from the steam 
entrance to the water exit, is therefore taken for small apparatus at 
not less than 1000 mm., and somewhat greater for larger apparatus, 
since in the latter the water is not perhaps quite so thoroughly divided. 
This height is also sufficient when one step is introduced. With two 
steps the total height may be 1*25 times as great. 

Th^ diameter of the water-pipe. The limits of the temperature of 
the steam to be condensed are about 40°-45° C, the limits of the initial 
temperature of the injected water are about 8°-2o° C. Thus we find 
from Table 41 that the condensation of the steam rarely requires more, 
and generally much less, cooling water than 45 times the weight of 
the steam. 

The water may be conveyed to the condenser from a tank at a more 
or less high level in such a manner that the natural suction of the 
vacuum in the condenser, together with the hydrostatic pressure from 
the condenser to the tank, causes the velocity of the water in the supply 
pipe. The suction of the condenser alone may also draw the water 
direct from a vessel, well or tank at a lower level (Chapter XVIII.). 

In the former case the pressure which moves the water is con- 
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siderable, being equal to the vacuum (measured in metres of water 
column) plus the hydrostatic pressure. In the latter case it is very 
small, being equal to the vacuum minus the distance from the water 
level to the point at which the water enters the condenser. It is not 
advisable to employ a lower pressure than 3 m., since, otherwise, 
variations in the level of the water and in the vacuum may be 
dangerous, although it is always possible to work with a very sUght 
excess of pressure, even only 200-300 mm. In that case, however, 
very wide supply pipes must be used, and there arises the danger that 
the supply of water to the condenser may be stopped by any accident. 
With a vacuum of 680 mm. of mercury (9-248 m. of water) the greatest 
permissible normal depth of the water level below the water entrance 
into the condenser would be 9*248 - 3*0 = 6*248 m. 

In Table 49 are given, by the aid of Table 36, the diameters of the 
water supply pipe for the four cases of an excess pressure of 1, 3, 6 
and 9 m., and under the assumption that the largest quantity of w^ater 
mentioned (45 times the weight of the steam) is to be introduced into 
the condenser. 

The sprayiiyg of the water in the condenser is generally accomplished 
by means of perforated pipes or plates. The holes in the pipes and 
plates should be small, since the water always passes through them at 
a considerable velocity, on account of the tolerable excess of pressure. 
The number of holes has been calculated for diameters of 2 and 3 mm. 

If the injector pipes are vertical and enter from below, too many 
holes are no disadvantage, since, when a number of them remain 
unused, the water is still well divided. 

The injector pipe must be closed at the end in the condenser, so 
that the water may remain in it under at least a part of the excess of 
pressure. The water will then be thrown, with a certain velocity, from 
the small holes on to the condenser wall, where it is broken up into fine 
drops. A portion of the water will doubtless flow down the condenser 
wall, by which its surface is diminished, but since the water flows 
down much more slowly on the wall than when it falls free, the dis- 
advantage of the smaller surface is to a great extent counterbalanced 
by the longer contact with the steam. 

The outlet pipe of the condenser leads directly to the air-pump. It 
must be wide enough to carry off air and water together. The lower 
part of the section of this pipe, which is required for the water, is 
determined on the permissible assumption that it has a velocity of 
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Table 49. 

The dimensions of wet (parallel-current) jet-condensers with- 

vacuum of 



Steam to be condensed in one hour, in kilos. 



The necessary cooling » weight of steam x 15 - 
water, in litres / ,, x 45 - 

Diameter of the condenser, without steps 
Height „ „ „ - . . 

Diameter of the steam inlet, for 705 mm. vacuum and 

2 per cent, loss of pressure 

Diameter of the water inlet, at 1 m. excess pressure 
,, ,, ,, at 3 m. ,, 

M M yy at 6 m. „ 

„ ,, ,, at 9 m. „ 

,, ,, connection to the air-pump - - - 

Diameter of the separate air-pipe to the pump, if one were 

used 

Diameter of the internal pipe of the injector - 
Number of holes in the injector pipe ( -f 20 per cent.) : — 
Holes 2 mm. diameter, 0-5 m. pressure (30 litres 

per hole per hour) 

Holes 3 mm. diameter, 0*5 m. pressure (68 litres 
per hole per hour) 



100 



1500 

4500 

160 

1000 

150 
40 
35 
30 
25 
76. 

40 

5a 



180 
80 



05 m. per second, corresponding to a pressure-head of about 25 mm. 
The upper part of the section is for the air, and is obtained from 
Table 35 ; the section of the pipe there given for the quantity of air is. 
added to that necessary for the water. It is assuQied that 1000 litres 
of cooling water contain 0*25 kilos, of air. 

Example. — For the condensation of 1000 kilos, of steam per hour, the diameter 
of the steam pipe, at a vacuum of 705 mm., is 350 mm. by Table 32, if a loss in 
pressure of 2 per cent, is permitted ; the section of the condenser without steps, 
should be 20 per cent, greater, hence its diameter is 400 mm. 

The height of the condenser we take at 1400 mm. 

The maximum quantity of water is, according to our assumption, 45 x 1000 » 
45,000 kilos, per hour. The supply pipe must, therefore, by Table 36, be 80 mm., 
in diameter for a length of 20 m. with 3 m. excess of pressure. 

Through a hole, 2 mm. in diameter, 25 litres pass in one hour at 0*5 m. excess, 
pressure, according to Table 44. The perforated pipe must therefore have, in the; 
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Table 49. 

out steps, for condensing 100-3000 kilos, of steam per hour at a 
705 mm. 



200 


300 


500 


1000 


1600 


2000 


3000 


3000 


4600 


7500 


16000 


22500 


30000 


45000 


9000 


13500 


22500 


46000 


67500 


90000 


135000 


185 


215 


280 


400 


440 


600 


556 


1000 


1200 


1300 


1400 


1500 


1600 


1800 


175 


200 


260 


350 


400 


450 


600 


56 


60 


75 


100 


126 


140 


166 


46 


55 


60 


80 


95 


116 


126 


40 


45 


55 


70 


80 


96 


116 


30 


40 


50 


66 


76 


86 


100 


90 


110 


150 


190 


235 


270 


326 


45 


50 


60 


76 


80 


90 


100 


60 


80 


90 


100 


125 


160 


200 


360 


580 


900 


1800 


2700 


3600 


5400 


160 


260 


400 


780 


1200 


1600 


2400 



present case, — ^^ = 1800 holes. On account of possible stoppages we take 

2000 holes. 

The injector pipe is taken at 100 mm. diameter. 

The weight of air to be exhausted in one hour is TKrin ~ 11'26 kilos., 

and at a vacuum of 705 mm., according to Table 35, the air suction pipe (if such 
were used) must have a diameter of 65 mm., i.e., a section of 0*33 sq. dcm. 

The pipe leading from the condenser to the air-pump must have this 
section for the air — 0*33 sq. dcm. — and also that required for the water, which is, 

for a velocity of 0*5 m. per second, ^^^ — ^ = 2*5 sq. dcm. The connection to 

the air-pump has therefore a section of 0*33 + 2*5 = 2*83 sq. dcm., equal to a 
diameter of 190 mm. 
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12. The Dimensions of the Dry {Counter-current) FcdUpipe Jet- 
Condenser, 

The **dry " jet-oondensers, which are almost always constructed 
to work with counter-currents, are closed vessels, which the steam 
to be condensed enters at the bottom and the well-sprayed cooling 
water at the top. The heated water flows away spontaneously 
together with the condensed steam by means of a fall-pipe (barometer 
tube) at the bottom, whilst the air and gases are exhausted cold at 
the top. Dry condensers are often used for small and medium 
capacities, for large almost invariably. Their chief dimensions are 
given in Table 51 for an hourly condensation of 300-12,000 kilos. 
(See Fig. 15, p. 211). 

If the cooling water has in the condenser a free fall of 

h^ I 2 3 4 5 m. 

its theoretical 
time of fall, z, = 0*46 064 079 091 1*015 seconds. 

In these times a jet of water of thickness h mm. takes up such an 
amount of heat (according to Table 46) from the surrounding steam 
that it is heated through the following fractions of the original 
temperature difference, 6^ : — 

If 8 = 1, the heating is 0-460^« _ _ _ _ 

8 = 2, „ 0-300^, 0-335^, _ _ _ 

8 = 3, „ 0-225^« 0-225^„ 0-247ft, 0-278^, 0290^,; 

8 = 4, „ 0163^, 0-188^„ 0-193^, 0-217^„ 0-227^„. 

Example.— li a jet of water of thickness 8 = 3 mm., at a temperature of 10° 
C, falls through 4 m. in steam of 66° C, it is heated through (66 - 10) 0-278 = 
12-6° C, and thus has finally the temperature 10 + 12-6 = 22-6° C. 

From the above figures it may be gathered that, although the 
increases of temperature just given may not be exact, a condenser, in 
which the water fell straight to the bottom without stops, must be 
very high, and the water very finely divided, if it is to be heated 
nearly to the temperature of the steam. A very fine spray of water 
is not easily obtained and necessitates a slowly rising current of steam. 
Therefore dry condensers without steps must be of great height and 
diameter. 

The water may be made much hotter if it is allowed to fall through 
the same total height in several short stages, by each of which it is 
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given a fresh surface. This is made clear by the example below. 
For since the velocity of fall is the least at the beginning, the period 
during which the water is in the condenser increases with the number 
I of steps, as also does the number of changes of surface. 

Example. — If a jet of water, 8 = 3 mm. in diameter, at 10° C, falls down five 
steps, of 800 mm. each, through steam at 55° C, the heating is : — 

At the end of the first fall (Table 46) : (55 - 10) 0200 = 9-0° ; 

the temperature of the jet is then 10 + 9*0 = 19*0°. 
After the second fall : (65 - 19-0) 0-200 = 7-2° ; 

the temperature of the jet is then 19-0 + 7*2 = 26-2°. 
After the third fall : (55 - 26-2) 0200 = 5-76° ; 

the temperature of the jet is then 26-2 + 6-76 = 31-96°. 
After the fourth fall : (55 - 31-96) 0-200 = 4-61° ; 

the temperature of the jet is then 31-96 + 4 61 = 86-57°. 
After the fifth fall : (55 - 36-57) 0-200 = 3-69° ; 

the temperature of the jet is then 86-57 + 3-69 = 40-26°. 
In a straight fall without steps the heating would only be through 22-51°. 

The determination of the number and the height of the steps is 
accomplished by the method in the following paragraph, in which it 
is assumed that the temperature of the steam to be condensed remains 
the same from bottom to top of the condenser. This assumption is 
not quite accurate, for the tension in the counter-current condenser 
must be somewhat less at the top than below, because only so would 
there be a current of steam towards the top. The tension at the 
bottom is due almost alone to the steam, at the top to the air almost 
entirely; between the extremes the tension of the air diminishes 
towards the bottom, that of the steam towards the top, consequently 
the temperature of the steam also must diminish towards the top. 
But these differences are not very considerable at the places where 
condensation is still really taking place (which condition we are con- 
sidering here), therefore we neglect them for the sake of simplicity. 
In what follows it is assumed that all the steps are of equal height. 

If the whole temperature difference between steam and cooling 
water be 0^, and this be diminished below the top step by the fraction, 
o-^ai hy absorption of heat by the water from the steam, then, of the 
residual difference, 0„ - aO„, a fraction, a{6^ - aO^) = a^„(l - a), is 
removed below the second step. Below the third step the remaining 
temperature difference, $,, - aO^ - a^„(l - a) = 6^{1 - a) - aO^{l - a) 
= Oa{l - a)^, is diminished by a6a(l - a)^, and by the last (lowest or 
nth) step by the fraction, aO^{l - ay-^. 
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The sum of all these intervals of temperature would be, in the 
most favourable case, equal to the whole temperature difference, 0^, 
but is, in reality, only a more or less large part of the whole difference. 
It is naturally endeavoured to make the temperature of the waste 
water approximate as nearly as possible to that of the steam. 

Let p he & percentage and jt^ the portion of the original tempera- 
ture difference removed, i.e., the sum of all the separate intervals of 
temperature given above, then 

^0, = aO^il + (1 - a) + (1 - a)2 + (1 - a)3 + . . . (1 - a^-l} ; 

or, summing the geometrical progression, 

.P-6 _ °^.{(l-a)"-l } 
100*^" ~ (l-a)-l" 

''' 1?0 = 1 - (1 - -)" (201) 

If the increase in temperature of the water, a, in the highest step 
is known, and also the number of steps, then this equation gives the 
fraction of the whole difference in temperature which is removed by 
all the steps, i.e., by how much the temperature of the water 
approaches that of the steam. 

The value of a depends on the time during which the water drops 
are exposed to the action of the steam, which time is obtained directly 
from the height of fall of the drop. 

Table 50 gives, by the aid of equations (110) and (194) and Tables 
46 and 48, figures which show by what fraction the original tempera- 
ture difference, 0^^ is diminished in condensers with 1-8 steps of equal 
heights of 200-1000 mm., when the water fallp in jets of 2-7 mm. 
thickness. The table shows te what extent the temperature of the 
waste water increases with the smallness of the drops and the number 
and height of the steps. 

In reality there are in the condenser not only jets of every size 
but also drops and sheets of water. A very fine water-dust is formed, 
which is heated, and then unites with the other water, because of the 
currents of steam and the fall, or is carried to the wall. This circum- 
stance, and also the presence of sheets of water moving in the con- 
denser, from which drops are thrown off, in conjunction with the 
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inaccuracy of the formulae which have been given to represent the 
process of heating, often cause the water to be heated to a greater 
extent in actual practice than would be expected from Table .60. This 
table is to be regarded as giving only a general picture of what occurs, 
without being an exact representation of fact. 

Experience shows that with 5-6 steps, and a total height of 2500- 
3000 mm., very warm waste water may be obtained, even when the 
water is injected in jets of 5-6 or even 8 mm. diameter. A finer 
spray of water and more steps improve the action. 

The maximum velocity of the steam at the bottom of a condenser 
loithout steps should be that velocity which exerts a pressure on a 
falling drop equal to double its weight (Chapter XV.). If there are 
steps in the condenser, the greatest velocity should only be somewhat 
greater than that which exerts a pressure equal to the single weight 
■of a drop. 

Thus, according to Table 23, the greatest velocities for steam at 
40° C. (706 mm. vacuum) would be : — 

Por drops of diameter O'l 0*25 0*5 1 2 3 4 5 mm. 
In condensers 

without steps 92 146 206 292 42 505 58-5 653 m. 
In condensers 

with steps 6-5 103 1459 20-6 292 35*3 42 46-2 m. 

In the author's opinion, founded on observations made on con- 
densers, these calcxilated velocities are too low. In order to exert 
the pressures mentioned the velocities must be about 1*33-1*5 times as 
great. Also in all condensers it is a question not only of drops, but 
also of jets of water, upon which the current of steam has much less 
action. The majority of the drops, however small, are heated by the 
<5urrent of steam and then unite with the other water or are thrown 
against the walls and thus prevented from being carried forward. 
Finally, in almost all condensers a portion of the steam (10-15 per 
■cent.) is condensed before it comes to the vertical rise. 

On all these grounds, according to experience, the first and lowest 
contraction of a condenser without steps may have such a section 
that steam of 705 mm. vacuum attains in it a velocity of about 65 m. 
per second. In a condenser with steps the velocity may be 55 m. 
per second. If there is a lower vacuum in the condenser, the volume 
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Table 50. 

The fractions by which the original difference in temperature, 6,,^ 
between steam and water is diminished in dry counter-current 
condensers with 1-8 steps, each 200-1000 mm. in height. The 
water is in jets of 8 = 2-7 mm. diameter. 

{tA when e^ = 1.) 



^"1 


og. 




fc4 

© 


Diameter of the water jets, i, in mm. 


lis. 


l' 


© s^ 
S2© 


■Coo 




3 © 




48^ § 


2 


3 


4 


6 


6 


7 


n 
1 


200 


e. 


ft 
200 














0-20 


0-205 


0142 


0-109 


0-088 


0-074 


0064 


2 


M 


II 


400 


0-368 


0-264 


0-199 


0-158 


0143 


0124 


3 


)» 


II 


600 


0-498 


0-368 


0-293 


0-229 


0-220 


0-178 


4 


l> 


II 


800 


0-600 


0-459 


0-359 


0-293 


0-266 


0-233 


6 


1) 


II 


1200 


0-748 


0-600 


0-500 


0-408 


0-378 


0-324 


8 


)l 


II 


1600 


0-841 


0-706 


0-580 


0-500 


0-462 


0-418 


1 


300 


0-25 


300 


0-225 


0150 


0120 


0097 


0-082 


0-071 


2 


n 


ft 


600 


0-400 


0-298 


0-242 


0-185 


0-157 


0137 


3 


»» 


II 


900 


0-535 


0-386 


0-340 


0-264 


0-227 


0-198 


4 


») 


I» 


1200 


0-630 


0-479 


0-427 


0-336 


0-290 


0-245 


6 


II 


»l 


1800 


0-784 


0-623 


0-564 


0-460 


0-403 


0-357 


8 


II 


II 


2400 


0-871 


0-730 


0-672 


0-559 


0-496 ! 0-445 


1 


400 


0285 


400 


0-240 


0-156 


0-129 


0-104 


0-088 0-076 


2 


II 


»l 


800 


0-423 


0-288 


0-242 


0-198 


0-168 0-146 


3 


»l 


II 


1200 


0-562 


0-388 


0-340 


0-281 


0-242 0-211 


4 




}t 


1600 


0-668 


0-493 


0-426 


0-357 


0-308 ; 0-271 


6 


II 


11 


2400 


0-808 


0-695 


0-565 


0-483 


0-426 1 0-378 


8 


II 


II 


3200 


0-890 


0-743 


0-671 


0-587 


0-521 ! 0-469 


1 


600 


0-35 


600 


0-261 


0-184 


0142 


0-115 


0-091 1 0083 


2 


II 


Jl 


1200 


0-436 


0-335 


0-264 


0-237 


0-174 ' 0-159 


3 


»» 


If 


1800 


0-596 


0-457 


0-369 


0-307 


0-249 0-229 


4 


II 


II 


2400 


0-682 


0-558 


0-458 


0-387 


0-318 0-293 


6 


II 


II 


3600 


0-837 


0-705 


0-602 


0-590 


0-436 0-406 


8 


M 


II 


4800 


0-899 


0-805 


0-706 


0-624 


0-535 1 0-500 


1 


800 


0-41 


800 


0-277 


0-196 


0151 


0-121 


0-105 ' 0091 


2 


II 


II 


1600 


0-476 


0-352 


0-279 


0-229 


0-199 0-174 


3 


»» 


II 


2400 


0-622 


0-481 


0-388 


0-321 


0-283 0-249 


4 


»i 


M 


3200 


0-727 


0-580 


0-480 


0-404 


0-358 1 0-318 


6 


11 


1} 


4800 


0-857 


0-731 


0-625 


0-531 


0-456 0-426 


8 


II 


I» 


6400 


0-927 


0-824 


0-730 


0-646 


0-588 


0-534 
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^"Z^ 


^1 


S:as 


W"o§ 


2 


8 


4 


6 


9 


7 


n 

1 


1000 


I, 


/( 














0-46 


1000 


0-294 


0-221 


0161 


0136 


0-116 


0-096 


2 






2000 


0-502 


0-393 


0-297 


0-254 


0-200 


0-183 


3 






3000 


0-651 


0-527 


0-410 


0-355 


0-297 


0-262 


4 






4000 


0-752 


0-632 


0-505 


0-443 


0-376 


0-333 


6 






6000 


0-878 


0-776 


0-652 


0-584 


0-505 


0-455 


8 






8000 


0-939 


0-865 


0-766 


0-691 


0-611 


0-556 



of the steam will be lower, and the velocity, and hence also the 
danger of carrying drops away with the steam, less. 

Since about 10 per cent, of the steam to be condensed is abeady 
liquefied before it enters the lowest narrow section, this section may 
be based upon a velocity of 70 m. for the whole quantity of steam. 

1 kilo, of steam at a vacuum of 705 mm. has a volume of 19,500 
litres, therefore 1000 kilos, of steam at 70 m. velocity require, without 
steps, a section of 

19500 X 1000 r, ^ . , 
3600 X 700 = ^'^ "^- ^^°^- (^PP^^^)- 

In condensers with steps the velocity may reach 55 m., therefore 
1000 kilos, of steam at 705 mm. vacuum require a section of 

19500 X 1000 ,n ^ / X 

3606-X-550- = ^^ '^- ^^^- (approx.). 

Since, however, only half the section of a condenser is left free 
for the passage of steam by reason of the inserted plates, sieves 
and divisions, the whole section of the condenser without steps 
should be 15 sq. dcm. for 1000 kilos, of steam, and the section of 
the condenser with steps 20 sq. dcm., from which the diameter may 
be obtained. 

For the smaller capacities, to condense 1000-2000 kilos, per hour^ 
the diameters, as determined by this rule, must be somewhat in- 
creased, in order to allow for the greater friction, the inaccuracies 



252 EVAPORATING AND CONDENSING APPARATUS. 

Table 51. 

The dimensions of (dry counter-current) fall-pipe jet-condensers, with 

at a vacuum 



Stean to be condensed in one hour in kilos. 


800 


600 1 1000 
600010000 


1600 


The necessary quantity T Weight of steam x 10, litres 
of cooling water \ Weight of steam x 40, litres 


3000 


15000. 


12000 


20000140000 60000 


Condenser without | g-^'m^^^^^^ "^ ,^; «-• 
P [ sieve - - - mm. 


400 


460 


660 650 


At least 3000 mm.— 


condenser with 1 ^Stteas-ured "to th; '"'"• 
^*®P^ [ Sieve - - - mm. 


600 


5601 


600 


700 


2400 


2400 


2400 


2800 


,of the steam inlet, for 705 mm. vacuum, 2 












per cent, loss of pressure - - - mm. 


200 


2501 


350 


400 




of the water inlet with a head of 3 m. - mm. 


50 


601 


80 


90 


t 


„ ,, ,, ,, ,, 6 m. - mm. 


45 


55 


70 


80 


1 \ „ », M ,. „ 9 m. - mm. 


40 


50 


65 


75 


s 


„ air-pipe (at 15° C.) - - - - mm. 


50 


60i 


801 90 


„ fall-pipe, when 10,700 mm. high - mm. 


90 


105; 


145 1 175 




, „ „ „ 11,020 mm. „ - mm. 


76 


85 


110 


125 


Number of holes in the perforated ( 5 mm. diameter 


125 


210 1 


415 


620 


plate, with a head of 10 mm. of -1 6 mm. „ 


90 


145 


290 


435 


water, + 10 °/o for obstructions [7 mm. „ 


70 


110 j 


215 


820 



and contractions. The diameters in Table 51 are determined in this 
manner. 

If the diameter of the condenser, A dcm., is fixed, then the height 
of the lowest stage, e„, for condensing the weight of steam, D, in one 
hour is at least 

lOD . 

Accordingly, 

For D = 1000 2000 5000 10,000 kilos, of steam, 
and A = 600 775 1175 1600 mm. 
e„= 170 255 440 630 mm. 

But, on account of the vortex and friction occurring at this place, 
the height of the low^est stage should be increased to about 

e^ = 220 330 550 700 mm. 

The succeeding upper steps may then be put nearer and nearer 
together. There may be 3-4 whole stops or 6-8 half stops. 
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Table 51. 

and without steps, for condensing 300-12,000 kilos, of steam per hour 
of 705 mm. 



2000 


3000 


4000 


6000 


6000 


7000 


8000 


9000 


10000 
100000 


11000 ] 


12000 


20000 


30000 


40000 


50000 


60000 


70000 


80000 


90000 


110000 120000 


80000 


120000 160000 200000 240000 


280000 


320000 


360000 


400000 


440000 480000 


700 


775 


900 


1000 


1100 


1200 


1276 


1360 


1400 


1450 i 


1660 


Holes 


1 I 
in perforated plate not larger 


than 2 


1 
mm. diameter. 




1 


s-i 


775 


900 


1050 


1175 


1260 


1350 


1450 


1650 


1600 


1675 


1760 


2800 


2800 


3200 


3200 


3200 


3200 


8600 


3600 


3600 


3600 


3600 


450 


600 


575 


650 


700 


760 


800 


850 


900 


960 


1000 


105 


125 


135 


155 


170 


180 


190 


205 


215 


225 


230 


90 


110 


120 


135 


146 


165 


165 


175 


185 


190 


195 


86 


100 


115 


125 


135 


145 


150 


160 


170 


175 


185 


100 


115 


126 


135 


145 


155 


160 


165 


176 


180 


190 


200 


235 


280 


300 


330 


360 


880 


400 


420 


440 


460 


160 


176 


190 


215 


225 


260 


275 


285 


300 


315 


325 


825 


1240 


1660 


2070 


2480 


2895 


3300 


3720 


4185 


4550 


4960 


580 


866 


1150 


1440 


1730 


2090 


2306 


2596 


2880 


3165 


3466 


420 


636 


845 


1060 


1270 


1480 


1690 


1906 


2115 


2385 


2645 



The diameter of the steam pipe is obtained as with wet condensers. 
It is determined by means of Table 32. 

The diameter of the water pipe may also be determined as before.. 
The limits of the temperatures of the steam are about 35°-60° C, of 
the water about 8°-30° C, and consequently, according to Table 41,. 
10-40 kilos, of water are required to condense 1 kilo, of steam. The 
diameter of the water supply pipe is then obtained from Table 36, if 
the available pressure is known or assumed in each case. In Table 
51 the diameters are given for heads of 3, 6 and 9 m. 

The toater is sprayed in the condenser in many different ways. If 
the water is distributed by means of an overflow (sill), or an overflow 
is used as a preliminary. Table 43 serves to fix the dimensions. The 
width or circumference of the overflow (length of the sill) is generally 
known from the diameter of the condenser. Table 43 then gives the 
depth of the layer of water running over. The sheet of water so- 
formed naturally diminishes in thickness diiring its fall. 

When the water is distributed through a perforated plate, by 
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assumption of the diameter of the holes, the number may be at once 
obtained from Table 44, and then from the size of the plate the dis- 
tances between the holes can be determined. 

In calculating the number of holes, ?i, in the sieve, their diameter 
must be taken according to discretion. The smaller they are> the 
more thoroughly is the water divided, but they are the more I'eadily 
stopped up. 

The number of holes is determined for the smallest probable 
consumption of water, assuming a suitable height for the water (10 
mm. in Tables 44 and 51). An increased head of water causes the 
flow of an increased quantity of water sprayed to the same extent. 

The perforated plates have naturally a high rim, in order to make 
possible a large pressure. 

In Table 51 the number of holes is given for the minimum 
quantity of water, a head of 10 mm. and holes of 5, 6 and 7 mm. 
diameter. 

The sectiofi of tJm air-pipe follows from the weight of air to be 
hourly exhausted, which is taken at 025 kilo, per 1000 kilos, of 
water, calculating from the greatest consumption of w^ater. Table 
S5 gives the necessary measurements. 

The diatneter of the fall-pipe or barometer pi])e is obtained from 
the maximum quantity of injected w^ater, to which is to be added the 
weight of the condensed steam. It is found in Table 42. 

In Table 51 the diameter of this waste pipe is given for two 
heights— 10-7 and 11-02 m. 

It hardly appears to be necessary to calculate an example, which 
would be merely repetition, in view of the example calculated of a 
wet condenser. 

The loss of heat from the warm condenser walls is an advantage, 
but it is insignificant compared with the weight of steam hourly 
condensed. 

Exatnple, — The condenser for condensing 1000 kilos, of steam per hour has a 
surface of 7 sq. m. (Table 51). It therefore loses in one hour, if its average 
temperature is 66° C. and that of the atmosphere 10° C, 7 x 605 = 3586 calories 
{Table 39). Thus it condenses about 6 kilos, of steam per hour on the inner 
wall, which is equal to 0*6 per cent, of the total condensation. 

The surface of the cold water, on the perforated plate and in the 
feed-box inside the condenser, does not condense steam, which should 
always be completely liquefied below the plate, but it serves to cool 
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the air. For this purpose the jets and sheets of water formed above 
the perforated plate are also useful. 



B. Surface-Condensers (Coolers). 

Surface-condensers are designed to condense vapours from the 
most diverse sources, and generally also to cool the condensed liquid 
(hence they are often known as coolers), without the cooling medium 
— generally cold water, more rarely air — coming into direct contact 
with the substance. The exchange of heat takes place through a 
metal wall. 

The space in which condensation occurs may be under the 
pressure of an atmosphere or under a lower pressure (vacuum). 

There are at present no certain observations to show that the 
vapours of different liquids have different coefl&cients of transmission 
of heat (which might perhaps depend on the specific gravity of the 
vapour). Thus it must for the present be assumed that these 
coefficients are the same for all vapours, and also that they do not 
alter for different pressures. It may be left an open question whether 
the coefficient is not in fact less at very low pressures. 

Surface-condensers may be formed from systems of tubes, through 
which the vapours pass, whilst the water flows outside, or the water 
may pass through the tubes and the vapours outside. They may be 
made from coils, bundles of pipes, and cylindrical or plane surfaces, 
which are cooled by water or air on one side, whilst the other is in 
contact with the vapour. 

If water is used as the condensing agent, it may rise en rtiasse 
about the surfaces or flow down in a thin layer over them. 

If the air is used as the cooling agent, it is forced through pipes 
round which moves the liquid to be cooled. 

Thus this species of condenser may be separated into : — 

1. Enclosed surface-condensers cooled by water. 

2. Enclosed surface-condensers cooled by air. 

3. Open surface-condensers. 

1. Enclosed Surface-Condensers with Water Cooling (Coolers). 
Pigs. 17, 18 and 19 show typical forms of these condensers. 
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(a) The Mean Temperature Differences ^ 0^ and 0^. 

If there are inot particular reasons for another arrangement, this- 
species of apparatus is naturally constructed for opposite currents, i.e,,. 
in vertical condensers the steam enters at the top and the water below. 
Generally the vapour passes throtigh and the water about the tubes ; 
occasionally, however, for convenience in cleaning the tubes, the 



Vapour. 



Vapour. 



o3 




Fig. 17, 



Condensed 
liquid, /we- 

Fig. 18. 



vapour is sent rou7id and the water through them. This latter ar- 
rangement influences the exchange of heat only in so far as it generally 
diminishes the velocity of the steam and increases that of the water. 

From what was said in Chapter I. it is evident that two periods 
must be distinguished in condensers which also cool, viz., the period 
during which the vapour is condensed and the period during which 
the condensed liquid is cooled. 
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If the vapour brought no air with it, it woxild retain the same 
temperatiure to the end of the first period in which the condensation 
occurs, since its pressure would remain almost the same. In pro- 
portion as it advanced over the cooling surface, its quantity, and 
hence its velocity, would gradually diminish imtil both became zero, 
but it would remain at a constant temperature so long as it existed. 
If then all the vapour had disappeared at a certain place in the con- 
denser, the remaining space would be filled with air at a tension equal 
to that of the vapour. The spaces filled with vapour and air would be 




marked off with tolerable sharpness, and this would also be the case if 
the condensation occurred in vacuo. In reaUty, however, the vapour 
always contains more or less air, which increases in pressure the more 
the quantity of the vapour is diminished by condensation. Thus there 
is a gradual transformation from the space in which there is only 
vapour to that in which there is ordy air, through a space in which 
the two are mixed. 

This air, which is introduced by the vapours to be condensed, 
must be conducted away, either into the atmosphere or to the air- 

17 
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pump. Thus condensers or coolers must be provided with a pipe, 
which leads the air from their interior into the open or to the air- 
pump. This pipe must not be obstructed by liquid, since the varia- 
tions in the pressure and amount of air introduced into the condenser 
would cause currents backwards and forwards in this pipe in order to 
equalise the pressure. The presence of liquid in the pipe would 
prevent the free movement of the air and might cause irregularities 
in working. 

Since condensation, i.e., the production of liquid from the vapour, 
commences immediately the vapour enters the condenser, its walls are 
at once covered by liquid flowing downwards, the quantity and velocity 
of which increase towards the bottom. This liquid forms an obstacle 
to the transfer of heat which cannot well be disregarded. The liquid 
flowing down has not the temperature of che vapour nor that of the 
cooling medium (water) ; its temperature lies between the two. At 
that place in the condenser at which condensation is practically 
finished, the condensed liquid is always cooler than the vapour from 
which it was formed. Unfortimately, in the lack of suitable experi- 
ments, it is not accurately known what relation its temperature bears 
to those of the vapour and cooling water. 

For tins' reason, and because we wish to avoid other arbitrary 
assumptions, and finally also because this condition has only a slight 
influence on the estimation of the size of the cooling surface, we shall 
assume in what follows (though incorrectly) that the liquid condensed 
has at the end of the condensation the temperature of the vapour, and 
that in the following period it is cooled from the temperature of the 
vapour to the desired lower temperature. 

The transfer of heat is universally assumed to be directly propor- 
tional to the difference in temperature between the two substances 
engaged in the process. Therefore, in the first place, we must 
determine the mean temperature difference between vapour and cool- 
ing water and then that between the condensed liquid and the water. 

We know, from Chapter I., that the mean diffierence in tempera- 
ture is in most cases not equal to the arithmetic mean of the initial 
and final differences, but is (equation 10) : 



»■(• - 4) 



*"• ~ , 100 
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in which 0^ denotes the greatest and p the least difiference in tempera- 
ture, the latter expressed as a percentage of the former. 

Example, — If the greatest difference, Oa = 60°, the least difference = 6°, then 

6 X 100 ,^ 
p = — ^ — = 10 per cent. 

In Table 1 are found the values of 0^ calculated for the case in 
which ^a = li and f or p = 1 - 100 per cent. 

Example.— -Yor Ba = 6(f and p = 10, Table 1 gives 0m = 0-391 x 60 = 23-46''. 

In order to determine the cooling surfaces, it is necessary to know 
the mean temperature di£ference for each of the two periods singlyy 
i.e., for the period of condensation of the vapour and for that of 
cooHng the condensed liquid. It would, however, be inconvenient to 
calculate this specially every time. Table 52 is therefore given, in 
which the mean differences are given for a large number of cases — 
for steam at atmospheric pressure at the temperature of 100° C, for 
steam of lower pressure at vacua of 611 and 705 mm. (temperatures 
of 60° and 40° C), and also for alcohol vapour at 80° C, always cooling 
by water. 

The cooling water may have various original temperatures, those 
of t,^ = 2-5°, 5°, 10°, 15° and 20° C are considered in the table. The 
water may also flow away at various temperatures ; the final tempera- 
tures, «*. = 20°, 30°, 40°, 50°, 60°, 70° and 80° C, are given in Table 52. 
Finally, the condensed liquid is obtained at difiFerent temperatures ; the 
cases are considered in which it leaves 2°, 5°, 10°, 15°, 20° and 25° C. 
hotter than the cooling water. 

In Table 52 the mean difference in temperature between vapour 
and cooling water in the first period (condensation) is represented by 
O^ncj the mean difference between condensed liquid and cooling water 
in the second period (cooling) is represented by O^^. 

Example. — The steam to be condensed is at 100°, the cooling water is 
originally at 10° and is to flow away at 60°. The condensed liquid is required 
to be at 15° G. 

According to our assumption, the steam is only to be condensed in the first 
period, not cooled. 1 kilo, of steam at 100° C. has a total heat of 637 calories, of 
which 537 must be withdrawn in condensation. The condensed steam, the 
liquid, has still 100 calories; therefore, in order to cool it down to 15° C, 85 
units of heat must still be removed «(in all 537 + 85 = 622 calories). In the 
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cooling period, therefore, goy _ 15 '^ 622 °' *^® *^**^ ^®**' ^^ ^ **® removed, and 

587 
in the condensing period „^^ of the total heat. 

The cooling water becomes heated in all from 15° to 60° C, i.«., through 45°, of 
which — ooQ~ = ^*^^° ^^ accounted for by the period of cooling. 

Thus, at the end of the condensation period, when the condensed liquid is 
still at 100°, the cooling water is at 10° + 6-15° = 16-15° C. 

The steam enters at 100° 

The water is finally at 60° 

Difference 40° 

The steam is finally at 100° 

The water at the same place is at - - - 16'16° 

Difference 83-85° 

40 X 100 
40° is the following percentage of 83 '85° : - p = — qq-qh~ == 47-70 per cent. 

The mean temperature difference between steam and water in the first period 
is, therefore, according to Table 1, Bmo = 0-7 x 83-86 = 58-7°. 

The condensed liquid at the top is at - - 100° 
The cooling water at the top is at - - - 16*16° 

Difference 88-85° 

The condensed liquid at the bottom is at - - 15° 
The cooling water at the bottom is at - - 10° 

Difference 6° 

5° is the following percentage of 83-85° :- p = ^^.qr = ^'96 per cent. 

The mean temperature difference between the condensed liquid and the 
cooling water during the second period, according to Table 1, is 

e^ = 0-339 X 83-85 = 28-42°. 

Table 52 has been calculated in this manner. It shows : — 

1. That the mean temperature difference between vapour and cooling 
water {first period) decreases with the increase in temperature of the 
waste water, but that it is very little affected by the extent to which 
the condensed liquid is cooled. In the latter respect the differences, 
may be neglected in practice. • 
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The temperatare dififerences between vapour and cooling water, ^^, 
and between condensed liquid and cooling water, $,^, for steam 
at 100°, 60** (611 mm. vacuum), 40° C. (705 mm. vacuum), for 
alcohol vapour at 80° C. (83*6 per cent, by weight) in dosed 
surface-condensers. 

The figures printed vertically are the temperatures of the cooling 
water at the place where condensation ceases and cooling begins. 



2 
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Steam at 100° C. (atmospheric pressure). 






Latent heat =: 587 calories. 
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Final temperature of the cooling water, tt,. 
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e.nk 
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Oinc 
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5 
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69 
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24-5 
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jj 


82 
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81 
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29-3 
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29 
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»» 


38 
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36-8 
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36 


11 


36 
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36 
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M 
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11 


43-4 


11 
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II 


42 
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rH 


42 
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7 
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67-7 


24 
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58-9 


23-4 


45-7 


23-3 




10 


»i 


81 


11 


29-2 


II 


30 


II 


29-8 


1. 29 


II 


29 


J, 


28-9 




15 


»»iN_ 


37-2 


"i-r^ 


36-7 


i»tH 


36 


ii«P 


35-8 


ii<N 


84-8 


IIOO 


34-8 


ii-^ 


34-7 




20 


11 


42-8 


11 


42-4 


„6i 


42-4 


o 

llrH 


42-6 


11 


41-9 


11 


41-8 


1-1 
11 


41-7 




25 


It 


48-3 


11 


47 


n 


46-8 


II 


46-5 




45-2 




45-2 




451 




80 


11 51 

1 


11 


49-8 


II 


49-5 




49 


11 


49 


II 


49 


" 


49 


10° 


12 


84 


22-9 


77-8 


22-6 


72 


22-3 


66 


22 


58-7 


21-8 


52-5 


21-6 


43-4 


21 




15 


»» 


29-2 


J, 


28-8 


II 


28-4 


11 


28 


jj 


27-7 


^, 


27-4 


11 


27-2 




20 


„« '86-4 


„« 


36-2 


i.« 


86 


„ep 


85-7 


ii»P 


35 


.1® 


34-3 


ii« 


83-6 




25 


..;3 42-2 




41-7 


00 
lirH 


41-2 


• irH 


40-8 


CO 
lifH 


40-2 


,i5 


39-8 


OS 
lirH 


39-2 




80 




46-28 


»» 


45-76 


II 


44-7 


II 


44 




48-42 


II 


42-98 


,1 


421 




85 


»i 


49-84 


11 


49-36 




48-1 




47-4 


II 


46-72 


II 


46-25 


II 


45-3 


15** 


17 


82-7 


22-7 


76-3 


22-4 


71 


22-4 


68-9 


21-5 


58-8 


21-8 


51-6 


21 


41-8 


19-8 




20 


»» 


28-2 


II 


27-7 


II 


27-7 


II 


27 


^j 


26-8 


11 


26-5 


1, 


25-8 




25 


n9 


84-6 


11^ 


34-8 


IIOO 


34-8 


llOi 


34 


1) 


33-9 


IIC4 


33-5 


IIOO 


32-7. 




30 


>>rH 


39-6 


CO 


39-6 


11 


39-6 


rH 


38-9 


38-8 


r-i 


38-3 


*S 


38-2 




85 




44-7 


»» 


43-6 


II 


43-8 


,, 


43-7 


II 


42-6 


11 


42-1 


11 


41 




40 


»» 


481 


II 


48 


II 


47-8 


II 


47 


II 


46-6 


II 


46 


11 


45 


20° 


22 








74-1 


21-4 


67-7 


21 


61-5 


20-6 


55-5 


20-2 


48 


19-7 


40-7 


19-3 




25 





— 


II 


27-1 


II 


26-6 


^^ 


26-25 


II 


25-7 


11 


25-3 


11 


25 




80 





— 




38-5 


II 


32-8 


11 


32-25 


If 


31-7 




31-3 


)t 


30-7 




35 


""*■ 


~— • 


II 


39 


II 


38-4 


11 


37-52 




37-1 


'• 


86-9 


II 


36-7 
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Table 52 — (continued). 



o 




Steam at 60° G. (611 mm. vacuum). 


Steam at 40° C. (705 mm. vac.). 


M 




Latent heat ^ 564 calories. 


Latent heat = 578 calories. 


S ti 


nd 


Final temperature of cooling water, tt,. 


Pinal temp, of cool'g water, t^,. 


t! 


|| 






















20° 


30° 


40° 


50° 


20° 


30° 


85° 


-35 


11 




















•C o 


i's 


Mean temperature differences. 


Mean temperature differences. 


O o 


H 8 






tta 


^». 


e«c 


0na 


e-« 


e^ 


0«c 


e^ 


Bm, 


0t»Jt 


e„u, 


Btnk 


e^c 


0mk 
12 


e.ne 


0»a 


2-6° 


5 


47-7 


17-3 


41-5 


17-3 


34-4 


17-5 


25-8 


17-2 


27-5 


12-7 


20 


15-9 


12-7 




7-5 


11 


21-2 


,j 


21-2 


>> 


20-7 


tt 


20-4 


ti 


16 


It 


16-8 


It 


16 




12-6 


M'^ 


26-9 


»9 


26-9 


n*? 


26-1 


ti;0 


25-8 


„CO 


20-4 


„t* 


20 


11 


19-9 




17-5 


>l 


80-8 


-^ 
>> 


30-8 




30 


It 


29-5 


CO 
tt 


24 


tt 


24 


It 


24-3 




22-6 


»» 


86-8 


„ 35-8 


»} 


35-4 


It 


33-8 


tt 


28 


tt 


28-5 


It 


28-5 


5° 


7 


46-4 


16-2 


40 15-6 


33-3 


15-6 


25-5 


15-3 


27 


12-2 


19-7 


12 


151 


11-3 




10 


ft 


20-8 


,. 20-2 


»» 


20-2 


tt 


19-9 


It 


14-4 


It 


14 


It 


14 




16 


„co 


261 


,.t- 


25-4 


»°P 


25-4 


,1?' 


25 


tt»« 


19-9- 


,.<?• 


19 


It 


19 




20 


.,^ 


81 


M 


301 


i> 


30-1 


tt°* 


29-6 


tt 


23-6 


11 


23-6 


11 


23 




25 


»» 


34-7 


M 


33-8 


It 


33-8 


ti 


33-1 


It 


26-5 


tt 


26-5 


It 


26-5 


10° 


12 


44-37 


15-7 


38-3 


15-5 


31-7 


15-3 


24-8 


15-2 


24 


10-9 


18 


10-9 


13-6 


9-25 




15 


»»i.^ 


19-7 


"r»^ 


19-4 


tt 


19-2 


**<¥> 


19 


**«¥> 


13-7 


»»►<-. 


13-7 


jj 


13-6 




20 


no 


24-7 




24-2 


ttrH 


24 


TO 

ticq 


23-8 


..6 


17-8 


no 


17-8 


11 


17-8 




25 


»> 


28-5 


tt 


28 


tt 


27-8 


tt 


27-55 


»H 


21-2 




21-2 


11 


21-2 




30 




38 


>» 


32-5 




32 


tt 


31-6 


tt 


25 


It 


25 


It 


24-3 


15° 


17 


42-75 


14-4 


36-9 


14 


30-3 


13-7 


22-8 


13-7 


22-3 


9-87 


16-2 


9-87 


12-5 


9-25 




20 


»» 


18-45 


**»-) 


18 


**rM 


17-1 


**<v> 


17-6 


tt^ 


12-5 




12-5 


ft 


12-5 




25 




23-8 


„S 23-4 


„t 


22-8 


00 

tt«b 


22-8 


ttib 


16-2 


op 
ttib 


16-2 


II 


16-25 




30 




27-9 


..-^ 127-2 


tH 


26-6 


It 


26-6 


tH 


19-5 


It 


19-5 


It 


19-5 




85 


ft 


31 


.. 30-2 


tt 


29-6 


tt 


29-6 


tt 


22-6 


It 


22-5 




22-26 


20° 


22 








34-9 13-6 


28 


13-3 


20-9 


13 





___ 


14-4 


8-4 


10-8 


8-4 




25 


— 


— 


"« 'l6-8 


^, 


16-4 


tt/iu 


15-9 





— 


11 


10-8 


tt 


10-8 




30 


— 





.6,22 
, « I25-2 


ttS ,21-6 


ttrH 


20-9 








ttC4 


14-4 


It 


14-4 




85 


— 


— 


t. 24-4 


tt 


24 





— 


11 


17-4 


11 


17-4 




40 


— 


— 


„ 28-8 


„ 28-3 


It 


27-4 





— 


tt 


— 


II 


20 



2. That the mean temperature difference between the condensed 
liquid and the coolijig water {second period) is considerably affected by 
the extent to which the final temperature of the condensed liquid is to 
approach that of the cooling water, but that it does not depend to any 
great degree on the temperature of the waste water. In the latter 
respect the variations may be disregarded, and the mean temperature 
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Alcohol vapour at 80° C, about 90*4 per cent, strength by volume 


1 ' 




= 86-3 per cent, by weight. 




Specific heat, tr = 0*8. Latent heat = 205 calories. 


g ^ 


!2 


Final temperature of the cooling water, tte. 


-3.2 


*S*5 
11 

H 




20° 


30° 


40° 


60° 


60° 


70° 


Mean temperature differences. 


O o 


Eh S 




^ta 


^«N> 


Bmc 


en,k 


tfm^ 


0i»* 


e,«c 


e^ 


e.nc 


e^t 


0n.e 


B,nk 


e,»c 


«...* 


2-6° 


5 


79 


21-0 


60-4 


20-8 


53-9 


20-5 


46-9 


20-3 


88-2 


19-8 


29-4 


19-3 




7-5 


II 


25-9 


^, 


26-2 


It 


24-5 


1* 


23-8 


II 


23-2 


II 


23 




12-6 


CO 


32-8 


00 


31-5 


.,2 


30-5 




29-9 




29-7 


CO 


29-4 




17-6 


>» 


37 




36-7 


>» 


35-7 




35-3 




34-3 




33-9 


6° 


7 


67 


20-8 


58-8 


20-3 


52 


19-7 


45 


191 


371 


18-5 


28-5 


17-9 




10 


llQO 


24-4 


i>0 


24-4 


n<N 


23-9 


11"^ 


23-1 


utO 


22-4 


llQO 


21-7 




16 




31-6 


>l 


30-8 


iH 


28-8 




29 


iH 


28-1 




27-2 


10° 


12 


64-6 


19-7 


55-4 


191 


50-6 


18-6 


43-4 


18 


36-6 


17-4 


27-2 


16-8 




16 


i«C4 


24-4 


11-^ 


23-7 


>iCO 


28 


iiOO 


22-3 


;;s 


21-6 


ii(M 


20-9 




20 


»H 


80-6 


iH 


29-7 


rH 


29-9 


II 


27-9 


27 


,.»' 


26-1 


15** 


17 


62-7 


17-9 


551 


17-36 


49-2 


16-8 


42-3 


16-26 


35-2 


15-68 


261 


15-1 




20 


Mco 23 


MOO 


22*3 


;;s 


21-6 


MC4 


20-9 


ii-^ 


201 


11(0 


19-4 




25 


,,^ 29-44 


,1 


28-5 


27-6 


„'^ 26-7 


(M 


25-76 


1.^ 


24-85 


20P 


22 








58-2 


16-8 


47-6 


162 


41 


16-6 


32-7 


16-1 


25 


14-5 




25 


— 





*>(M 


22 


ii<^ 


218 


;;§ 


20-5 


y 


19-7 


iiO 


19 




30 


— 


-— 


<N 


27-8 


n*^ 


26-8 


25-9 


24-96 


1, 


24 



difference for the second period may he taken for all cases as the mean 
of the temperature differences calculated for waste water temperatures 
of 20°-80**, without regard to the actual temperature of the waste water 
in the particular case, 

(6) The Coefficients of Transmission of Heat, k^ and k^. 

The coefficient, k^ for the passage of heat from steam to non-boiling 
water (first period) in open copper or brass tubes, is obtained from the 
empirical expression : 

K = 750Vv^i/MoTTT, . .... (202) 
This formula is founded on observations made in actual practice on 
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large and small condensers of most varied forms; v^ denotes the 
velodty of the steam when it enters the condenser (initial velocity), 
Vf the mean velocity of the cooling water. It appears to be un- 
questionable that the coefficient of transmission of heat in these cases 
(condensation of vapours in spaces connected with the atmosphere or 
with an air-pump) increases with the velocity of the steam and water. 

The velocity of the current of steam naturally decreases in the 
condenser from the beginning to the end, when it is zero. This 
decrease is in no way uniform, but is first rapid, then slower, following 
a curve not to be explained here. Since, however, the decrease in 
velocity must take place in almost all cases in the same manner, be- 
cause the essential conditions, which cause the decrease, are the same 
in all condensers, it is permissible to assume that the mean velocity 
of the steam, which is the factor to be considered here, is in a simple 
proportion to the initial velocity. 

As already mentioned in Chapter VII., there are many causes 
besides the velocities which influence the transmission of heat. These 
influences may be very great and often of such a nature that they 
cannot be expressed mathematically. The incrustations, which always 
occur to a greater or less extent, and are d priori quite indeterminable, 
often make any calculation deceptive ; but also the position and direction 
of the surfaces, the width, shape and capacity of the hot space, the air 
mixed with the vapour, all alter the action to a considerable extent. 
No equation can be given for k^, which expresses all these factors. 

For coils and tubular coolers, through which the vapours pass, 
equation (202) may be used with some confidence. It is already 
corrected for an average diminution in efficiency due to the furring of 
the cooling surface. For extraordinary cases k^ may be taken some- 
what larger or smaller. Equation (202) holds good for cooling surfaces 
of copper and brass; these have walls of tolerably equal thickness, 
which may therefore be disregarded. For iron surfaces, also because 
they generally are more furred than copper surfaces, the value of 
kg should be diminished by about 15 per cent., for thick lead surfaces 
by about 30 per cent. 

In Table 63 are collected the values for A:«, calculated by means of 
equation (202), for initial velocities of steam of 1-65 m. and velocities 
of the cooling liquid of 0-001-4 m. These values, k^, are for the first 
period — that of condensation. 

For the second period, that of cooling, in which the transfer of heat 
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The coefficient of the transmission of heat, h^^ between steam at low 
pressures and water, which does not boil, with copper tubes, for 
initial velocities of the steam, r^, of 1-65 m. and velocities of the 
water, Vf = 0'001-40 m. (First period). 



Velocity 
of the 
cooling 
liquid 
in m. 



Velocity of the steam when it enters the condenser tube, Va, in m. 



6 9 



I 
12 I 16 



20 



25 . 30 



86 ' 42 



49 , 56 , 65 



Coefficient of transmission, kc. 



O'OOl 

0-008 

0-020 

0035 

0-056 

0085 

0117 

0160 

0-210 

0-266 

0-835 

0-415 

0-505 

0-607 

0-720 

0-850 

1-00 

1-50 

2-00 

2-50 

30 

3-5 

4-0 



150 
187 
225 
262 
300 
337 
375 
412 
450 
487 
525 
562 
600 
637 
675 
712 
750 
862 
945 
1013 
1087 



1200 



210 300 



262 
815 
367 
425 
475 
528 
580 
634 
685 
742 
792 



84612001500 



897 
945 
1004 
1057 
1207 
1323 
1418 
1521 
1140 1596 



1800 



376 
450 
524 
600 
674 
750 
824 



976 
1050 
1124 



375 

448 
563 
656 
750 
842 
937 



460 525 600 
562 655 760 



1030123611442 



90011101360,1575 



1230 
1326 
1417 



1274 
1350 
1424 



676 788 

786 917 

9001060 

1011 1179 

1126 1312 



14611704 
1575! 1837 
16861967 
1800210024002700 



1592 
1687 



191212230 
2026'2362 



17802136 2452 



1550 1925 2350|2626 
2156 25863017 
2836 3307 
3039i8546 
32613804 



1724 
1892 
2026 
2174 
2280 
24003000 



2362 
2532 
2717 



900 
1048 
1200 
1348 
15001687 



1648 
1800 
1948 



2548 
2700 
2848 



4052 
4848 



42004800 



676 
843 
1013 
1179 



1616 
1687 
1834 
2025 
2191 
2362 
2529 



21002362 
2248 



760' 826, 900 
937|1080'll26 



1350 
1595 
1800 



11251238 

1310ll441 

13501500|1660 

16851863 2022 
187512062 
2060i2266 
22602475 
!4352678 



2727;2987 
281013091 



3300360039004200 



28663185 8503 
3037 3375I3712 
3154356q3866 
30003875'8750'4126 
34483879143104741 



37804252 



4658 
4891 



4726 
5065 
5435 



5197 
5571 



2850 3420|3990 4520 6130 5700 6270 6840 



640011 



60006600 



1950 

2190 

22502487 



2472 
2700 



81508412 



3372 



3822 
4050 
4272 



6172 
5670 
6078 



69786622 



976 
1218 
1463 



17061834 



2678 
2925 



81653409 



3658 



40604887 
4578 
45004875 



5608 
6142 
6584 
7065 
7410 



10501125 



1812 
1575 



21002250 
23562527 
2812 
8090 
3876 



2626 
2884 
3160 



3675 
3984 



41404469 



4726 
4984 



6084 
6615 
7091 
7609 



72007800840090009600 



1405 
1688 
1966 



8937 
4216 
4500 
4777 
5062 



52506025 



6466 
7087 
7597 
8152 



79808560 



1200 
1500 
1800 
2100 
2400 
2696 
3000 
3296 
3640 
3896 
4200 
4496 
4800 
6096 
5400 



58905696 



6000 
6896 
7660 
8104 
8696 
9120 



is between the condensed liquid and the cooling liquid — between two 
liquids — another coefficient, A;*, holds good. 

The coefficient of transmission, k^, for the transfer of heat between 
two liquids moving with different velocities, is taken from equation 
(231) in the following chapter, for copper tubes: 
, 200 



1+6 Jvf^ 1 + 6 \fv7^ 
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In this expression v^^ denotes the velocity of one liquid, v,2 ^^ ^^® 
other. 

Table 64 gives, by equation (232), the values of k^ for velocities of 
the two liquids, v^^ and t>2' ^^^ 0-001-2 m. 

The velocity, v^^, of the cooling liquid (generally water), which is 
rising and being heated, may be determined in any case after the con- 
struction of the apparatus, but is generally calculated previously ; it is 
usually very low. As a rule, in cooling vessels the water rises with a 
velocity of 1-3 mm., although there is at times an endeavour to attain 
a higher velocity. Occasionally 160 or even 200 mm. is reached. 

Apart from the uniform initial velocity, the cooling water acquires, 
through being heated on the hot surfaces, particular movements, the 
velocity of which may depend very largely on the temperature 
di£ference, the absolute temperature and the shape of the cooling 
surface. Thus the original velocity alone is not all. The warmer the 
cooling water is, the more readily it takes up heat (see the example on 
p. 32). 

The velocity, Vf^* of the condensed liquid running down in the 
condenser is not known. It is generally greater than that of the 
cooling liquid. Certain observations lead to the conclusion that it is 
rarely more than 1 m. per second; t^^g ^^ therefore taken at 0'800. 
This holds good for cooling surfaces, which are wetted all over by the 
condensed liquid which is to be cooled. It is almost universal in 
practice to find only a portion of the cooling surface wetted. There- 
fore, for vertical tubes the calculated surfaces must be approximately 
doubled. In coil coolers, in which the liquid only runs down on the 
lower part of the inner wall of the pipe, the upper and larger part 
remains unused, therefore the calculated cooling surface, Hj,, for coils, 
must be multiplied approximately by 3. 

(c) The Cond&iismg and Cooling Surfaces, H^ atvd Hj,, 

We have now determined the dimensions of the principal factors, 
^mey ^mki K ^nd At*, upou which depend the size of the condensing 
surface, H^, and cooling surface, H^ ; we now proceed to calculate the 
whole surface necessary. It is 

H^ = H, + H,^-J\ +y-^ . . . . (203) 
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In order to facilitate the estimation of the condensing and cooling 
surfaces necessary in each separate case, Table 54 is given, from which 
may be taken the surfaces for condensing and cooling 100 kilos, of 
water or alcohol vapour per hour. 

Table 54 consists of two parts. Part I. gives the surface, H^y 
required for condensing 100 kilos, of steam at 100°, 60** and 40° C, 
and of aqueous alcohol vapour at 80° C. (86'3 per cent, by weight), in 
one hour, with vapour velocities of 1-64 m. and cooling water velocities 
of O'001-l'OO m. Part II. then gives the surface, J3*, required for 
cooling the condensed liquid. 

In using Table 54 it is therefore necessary first to seek in Part I. 
the surface necessary for condensation, and to add to this the surface 
required for coohng, obtained from Part II. and multiphed by 2 or 3. 

It was assumed in calculating this table that the coohng water 
enters at 10° C, which is its ordinary temperature. If the water is 
colder in any particular case, the surfaces may be somewhat smaller^ 
if warmer, they must be increased in proportion to the temperature 
differences given in Table 54. The figures are for copper heating 
surfaces. Iron surfaces must be 10-20 per cent, larger, lead surfaces 
20-30 per cent, larger. An addition must also be made for ex- 
ceptionally thick walls. 

The first part of Table 54 is based on the assumption that all the 
vapour which enters the condenser is to be condensed. If this is not 
the case, but only a part of the entering vapour is to be liquefied, the 
other part leaving the condenser as vapour, then the capacity of the 
cooling surface increases considerably. The increase depends on the 
velocity with which the vapour leaves. In such cases the sum of the 
initial and final velocities of the vapour is to be taken as the basis of 
calculation. 

The coohng surfaces given for the condensation of steam at 40° C. 
are probably too low ; it would be well in constructing apparatus to 
make them somewhat larger than is indicated in Table 54 — say 15-20 
per cent, larger. It appears that highly rarefied steam conimunicatea 
its heat less rapidly than high pressure steam ; this may be on account 
of the greater distance apart of the molecules or on account of the 
sluggishness due to this cause. Table 54 assumes that (he vapour 
passes through the tubes and the water flows outside them. If the 
reverse be the case, the greater velocity of the water is more favour- 
able and the lower velocity of the steam less favourable, but generally 
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Table 54. Part I. 

The cooling surfaces, H„ and H^, in sq. m., requisite to condense and 
cool in one hour 100 kilos, of steam at 100** C, 100 kilos, of steam 
at 60° C, 100 kilos, of steam at 40° C, and 100 kilos, of aqueous 
alcoholic vapour at 80° C. (86-3 per cent, by weight). 

The steam enters at velocities, t;^, from 1-64 m. The cooling water 
has velocities, ry, from 0*001-1 "00 m. 

The initial temperature of the cooling water, t^^ = 10° C. The final 
temperature of the cooling water, t^ = 20°-80° C. 

The condensed liquid leaves at 2°-25° G. above the initial temperature 
of the cooling water. 





Steam at 100° C. 


(atmospheric pressure), 


c = 537 




Initial 

velocity 

of the 

steam. 


Velocity 
of the 
cooling 
water. 


Final temperature of the 


cooling 


water, <«,. 


20 


30 


40 


60 


60 


70 1 80 


















The coolini 
conden 


g surface, H„ in 
se 100 kilos, of s 


sq. m., 
team pe 


required to 
r hour. 


Vd 


V, 

0001 














1-0 


4-29 


4-62 


6 


5-46 


6-20 


6-90 


8-40 




0009 


3-43 


3-69 


4 


4-36 


4-96 


5-52 


6-72 




0020 


2-86 


3-08 


3-24 


3-64 


4-14 


4-60 


5-60 




0-210 


1-43 


1-64 


1-67 


1-82 


2-07 


2-30 


2-80 




1-000 


0-86 


0-93 


100 


1-09 


1-24 


1-40 


1-68 


1-5 


0001 


3-62 


3-78 


4-10 


4-47 


510 


5-66 


700 




0009 


2-81 


3-00 


3-28 


3-58 


408 


4-53 


5-60 




0020 


2-36 


2-62 


2-74 


2-98 


3-40 


3-78 


5-34 




0-210 


1-18 


1-26 


1-37 


1-49 


1-70 


1-89 


2-67 




1-00 


0-71 


0-76 


0-82 


0-89 


1-02 


113 


1-40 


2 


0-001 


301 


3-27 


3-54 


3-83 


4-40 


4-90 


600 




0-009 


2-41 


2-61 


2-83 


3-06 


3-52 


3-92 


4-80 




0020 


2-02 


218 


2-36 


2-56 


2-94 


3-28 


400 




0-210 


1-01 


1-05 


118 


1-28 


1-47 


1-64 


2-00 




1-00 


0-61 


0-66 


0-71 


0-77 


0-88 


0-98 


1-20 


4 


0001 


2-16 


2-31 


2-50 


2-73 


310 


3-45 


4-20 




0-009 


1-72 


1-85 


2-00 


2-18 


2-48 


2-76 


3-36 




0-020 


1-44 


1-54 


1-66 


1-82 


208 


2-30 


2-80 




0-210 


0-72 


0-77 


0-83 


0-91 


104 


1-15 


1-40 




1-000 


043 


0-46 


0-50 


0-55 


0-62 


0-70 


0-84 
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steam at 100° C. 


(atmospheric pressure), 


c = S87 




Initial 

velocity 

of the 

steam. 


Velocity 
of the 
cooling 
water. 


Final temperature of the 


cooling 


water, tt,. 


20 


30 


40 


50 


60 


1 
70 80 














Vd 


«/ 


The cooling surface, H„ in sq. m., required to 
condense 100 kilos, of steam per hour. 


9 


0-001 


1-43 


1-54 


1-67 


1-82 


2-07 


2-30 


2-80 




0009 


1-14 


1-25 


1-50 


1-38 


1-66 


1-84 


2-24 




0020 


0-90 


1-02 


112 


1-22 


1-38 


1-54 


1-88 




0-210 


0-46 


0-51 


0-56 


0-61 


0-69 


0-77 • 


0-94 




1-000 


0-29 


0-31 


0-36 


0-37 


0-42 


0-46 


0-66 


16 


0-001 


108 


1-16 


1-25 


1-36 


1-55 


1-73 


2-10 




0009 


0-86 


0-95 


1-00 


1-09 


1-24 


1-38 


1-68 




0020 


0-68 


0-64 


0-68 


0-74 


0-84 


0-92 


1-12 




0-210 


0-29 


0-32 


0-34 


0-37 


0-42 


0-46 


0-56 




1-000 


0-22 


0-24 


0-25 


0-27 


0-31 


0-35 


0-42 


20 


0001 


0-96 


1-04 


112 


1-22 


1-38 


1-54 


1-88 




0-009 


0-77 


0-83 


0-89 


0-97 


1-10 


1-23 


1-50 




0020 


0-64 


0-70 


0-75 


0-82 


0-90 


1-02 


1-26 




0-210 


0-32 


0-35 


0-38 


0-41 


0-45 


0-51 


0-63 




1-000 


0-20 


0-21 


0-23 


0-25 


0-28 


0-31 


0-38 


25 


0001 


0-86 


0-93 


1-00 


1-09 


1-24 


1-38 


1-68 




0-009 


0-71 


0-75 


0-80 


0-87 


1-00 


110 


1-34 




0020 


0-68 


0-62 


0-67 


0-72 


0-64 


0-90 


1-12 




0-210 


0-29 


0-31 


0-34 


0-36 


0-32 


0-45 


0-56 


. 


1-000 


0-17 


019 


0-20 


0-22 


0-25 


0-28 


0-34 



difficult to ascertain. The efficiency of the condensing surfaces may 
||hen be taken at about 20 per cent, less than that given in the table^ 
to which extent the surfaces should therefore be increased. 

Example. — 100 kilos, of steam at 100° 0. are to be condensed and the liquid 
cooled to 15° 0. The cooling water is originally at 10° and is to flow away at 
60° C. The steam enters with the velocity, r^ = 90 m., the water with the 
velocity, ty = 0*002 m. 

In order to condense 100 kilos, of steam, (687-100) 100 = 53,700 calories must 
be withdrawn from it. In order to cool 100 kilos, of water from 100° to 15° 
(100-15) 100 =: 8500 calories must be abstracted. 
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Steam at 100° C. 


(atmospheric pressure), 


c = 637. 




Initial 


Velocity 


Final tempeiatuie of the 


cooling 


water, tt,- 
















velocity 


of the 


20 


30 


40 


50 


60 


70 


80 


of the 
steam. 


cooling 
water. 


























1 






The cooling surface, H„ in 


sq. m., 


required to 1 


Vd 


»/ 




condense 100 kilos, of steam per honr. 1 


30 


0001 


0-78 


0-84 


0-92 


100 


1-15 


1-26 


1-64 




0009 


0-62 


0-67 


0-73 


0-80 


0-92 


1-00 


1-23 




0020 


0-62 


0-56 


0-62 


0-67 


0-76 


0-84 


104 




0-210 


0-26 


0-28 


0-31 


0-34 


0-38 


0-42 


0-52 




1000 


016 


017 


019 


0-20 


0-23 


0-26 


0-31 


36 


0001 


0-72 


0-77 


0-83 


0-91 


104 


1-16 


1-40 




0009 


0-57 


0-61 


0-66 


0-73 


0-83 


0-92 


1-12 




0020 


0-48 


0-62 


0-56 


0-62 


0-76 


0-78 


0-95 




0210 


0-24 


0-26 


0-28 


0-31 


0-38 


0-39 


0-47 




1000 


015 


016 


017 


019 


0-21 


0-23 


0-28 


49 


0001 


0-62 


0-66 


0-72 


0-78 


0-89 


100 


1-20 




0009 


0-60 


0-53 


0-58 


0-62 


0-72 


0-80 


0-96 




0020 


0-42 


0-44 


0-48 


0-68 


0-60 


0-68 


0-80 




0-210 


0-21 


0-22 


0-24 


0-29 


0-30 


0-34 


0-40 




1000 


013 


014 


0-15 


016 


0-18 


0-20 


0-24 


64 


0001 


0-54 


0-58 


0-63 


0-68 


0-78 


0-87 


105 




0-009 


0-44 


0-47 


0-51 


0-65 


0-62 


0-71 


0-84 




0020 


0-36 


0-38 


0-42 


0-46 


0-52 


0-58 


0-70 




0-210 


0-18 


019 


0-21 


0-23 


0-26 


0-29 


0-35 




1000 


Oil 


0-12 


013 


014 


0-16 


018 


0-21 



According to Table 52, the temperature differences for the present case are 
0„c =■ 68*7° and tfm* = 27-7°, and the coefficient of transmission, according to 
Table 58, is in the first period (condensation) kc = 830, and in the second period 
(cooling), according to Table 63, fc* = 212. 

The cooling surfELce for the (first) period of condensation is therefore 
„ C 53700 , ,. 

^- = M;7c = 830 X 58-7 = ^'^^^^-'°- 
The cooling surface for the (second) period of cooling would be 
C 8500 



H* = 



: 1*44 sq m. 



if it were all used. 



M«* 212 X 27-7 
The cooler, however, is to be made in the form of a coil ; the 
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Steam at 60" C. 


Steam at 40° C. 






Vacuum = 


= 611 mm. 


Vacuum = 706 mm. 


Initial 


Velocity 


e = 


:=564. 






c = 677. 


Final temperature of the 


cooling 


water, tt^ 


velocity 
of the 


of the 
cooling 


























steam. 


water. 


20 


so 


40 


SO 


20 


30 


86 


Cooling surface, 


Hr, in sq. m., required to 


Vd 


'V 


condense 100 kilos, of steam per hour. 


i 


0001 


405 


4-68 


5-50 


7-14 


6-76 


10-20 


13-42 




0009 


3-24 


3-90 


4-20 


5-85 


5-41 


8-16 


10-73 




0020 


2-70 


2-12 


3-68 


4-76 


4-52 


6-80 


8-96 




0-210 


1-35 


1-56 


1-84 


2-38 


2-26 


3-40 


4-48 




1000 


0-81 


0-94 


110 


1-46 


1-36 


2-04 


2-69 


9 


0001 


2-70 


313 


3-70 


4-76 


4-51 


6-80 


8-95 




0009 


2-16 


2-50 


2-96 


3-81 


3-61 


5-44 


716 




0020 


1-80 


2-10 


2-48 


3-18 


3-02 


4-54 


5-98 




0-210 


0-90 


1-05 


.1-24 


1-59 


1-51 


2-27 


2-99 




1-000 


0-54 


0-63 


0-74 


0-96 


0-91 


1-36 


1-79 


16 


0-001 


203 


2-34 


2-75 


3-57 


3-38 


5-10 


6-70 




0-009 


1-62 


1-87 


2-20 


2-86 


2-71 


4-08 


5-16 




0-020 


1-36 


2-56 


1-84 


2-38 


2-26 


3-40 


4-46 




0-210 


0-68 


0-78 


0-92 


1-19 


1-13 


1-70 


2.23 




1000 


0-41 


0-47 


0-55 


0-72 


0-68 


1-02 


1-34 


25 


0001 


1-62 


1-88 


2-22 


2-86 


2-71 


4-08 


6-37 




0-009 


1-30 


1-50 


1-77 


2-31 


2-19 


3-26 


4-30 




0-020 


1-08 


1-26 


1-48 


1-92 


1-86 


2-72 


3-58 




0-210 


0-54 


0-63 


0-74 


0-96 


0-93 


1-36 


1-79 




1-000 


0-33 


0-38 


0-44 


0-58 


0-55 


0-82 


1-08 


36 


0001 


1-36 


1-67 


1-86 


2-38 


2-26 


3-40 


4-48 




0-009 


109 


1-26 


1-51 


1-90 


1-81 


2-72 


3-59 




0.020 


0-92 


106 


1-24 


1-58 


1-52 


2-28 


2-98 




0-210 


0-46 


0-53 


0-62 


0-79 


0-76 


1-14 


1-49 




1-000 


0-27 


0-32 


0-38 


0-48 


0-46 


0-68 


0-90 



cooling surface must therefore be increased to about 8 x 1-44 = 4-32 sq. m., since 
only one-third is really active. The total surface is therefore 
fle* = 1-13 + 4-32 = 6 45 sq. m. 
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Table 64. Part I. — (contimied). 



Aqueous alcohol vapour at 80° 0. (80*8 per cent, strength hy weight = 90 | 




per cent, by volume). 1 






c = 252. 


Final temperature of the cooling water, tt,. 


Initial 
velocity of 


Velocity of 
tbe cooling 








1 






the vapour. 


water. 


20 


30 


40 1 50 

1 


60 


70 


Cooling surfaces, ^e. in sq. m., required to 






condense 100 kilos, of vapour per hour. 


Vd 


0001 




1 


2-60 


303 


3-33 


3-87 


4-69 


6-18 




0009 


2-08 


2-42 


3-66 


3-11 


3-67 


4-95 




0020 


1-74 


2-02 


2-22 


2-58 


3-06 


4-12 




0-210 


0-87 


1-01 


111 


1-29 


1-53 


206 




1000 


0-52 


0-61 


0-66 


0-78 


0-92 


1-24 


2 


0-001 


1-84 


215 


2-36 


2-74 


3-26 


4-38 




0009 


1-47 


1-72 ' 1-89 


219 


2-60 


3-50 




0-020 


1-24 


1-44 


1-58 


1-84 2-18 


2-98 




0-210 


0-62 


0-72 


0-79 ' 0-92 ' 1-09 


1-49 




1000 


0-37 


0-43 


0-48 0-55 ' 0-65 


0-88 


4 


0-001 


1-30 


1-57 


1-67 1 1-94 , 2-30 


3-09 




0009 


1-04 


1-26 


1-34 1 1-55 1-84 


2-47 




0020 


0-88 


1-06 ' 112 1 1-30 ' 1-54 


206 




0-210 


0-44 


0-53 0-56 ; 0-65 ' 077 


1-03 




1-000 


0-26 


0-32 


0-34 1 0-39 0-46 


0-62 


6 


0001 


104 


1-21 


1-33 1-56 1-84 


2-47 




0-009 


0-83 


0-96 


1-06 


1-24 1-47 


1-97 




0020 


0-70 


0-82 


0-90 


106 , 1-24 


1-66 




0-210 


0-35 


0-41 


0-45 


0-53 ! 0-62 


0-83 




1-000 


0-21 


0-24 


0-27 


0-32 ; 0-37 


0-50 


9 


0001 


0-87 


1-01 


1-11 


1-29 1-53 


2-06 




0009 


0-71 


0-81 


0-89 


102 1-22 


1-66 




0-020 


0-58 


0-68 


0-74 


0-86 1-04 


1-38 




0-210 


0-29 


0-34 


0-37 


0-43 ' 0-52 


0-69 




1-000 


0-18 


0-21 


0-22 


0-26 1 0-31 

1 


0-42 



In the practical construction of apparatus the original temperature 
of the water is frequently unknown, and also several other conditiona 



COOLING SURFACES. 



273 



Table 54. Part II. 



g 

> 



The cooling surface, i7)t, for cooling 



100 kilos, of condensed steam 
at 100° C. per hour. 



100 kilos, of condensed 

steam at 60° C. (611 
mm. vacuum) per hour. 



Temperature difference between initial temperature 

of the cooling water and final temperature 

of the condensed liquid. 



2° t 6° ' 10° 

. I 



16° I 20° 



26° 



6° 



10° 16° 



20° 



Cooling surface in sq. m. 



g9 

a 



o 



> 



V/ 



0001 
0009 
0-020 
0-210 
1-000 



2-00 
1-60 
1-40 
0-86 
0-60 



1-52 
1-21 
1-06 
0-65 




1-160 
0-920-73 



460 



0-81 



920 



0-64 



0-48|0-40 
34|0 



280 



80 
0-64 
0-66 
0-35 

24 



-701 





0-56 

0-49 

0-31 0-69 

0-21 0-4810-36 0-25 



0-63 



6011810-83 
1-28 0-960-66 0-540 
1-120-830-680-440 
0-51 0-36 



270 
190 



0-50 
40 
35 
22 
16 



0-001 
0009 
0020 
0-210 
1000 



100 kilos, of condensed steam 
at 40° C. (705 mm. 
vacuum) per hour. 



100 kilos, of condensed 

aqueous alcohol at 

80° C. (86-3 per cent. 

by weight). 



Cooling surface in sq. m. 



0001 
0009 
0020 
0-210 
1000 



l-400-90'0-56 



1-120-720-45 
0-98 0-630- 
0-6O0-39i0-24 
0-420-27|016 



360 



22 

18 

40 0-25 016 

•10 

006 



290 



160 




Oil 



1-36 

1 





0-41 



080 
960 
680 



1-07 
■86 
•75 
•46 





320 



0-80 
0-64 
0-56 
0-35 
24 



0-001 
0-009 
0-020 
0-210 
1-000 



The initial temperature of the cooling water is taken at tjt* = 10° G. 

These cooling surfaces hold good only for surfaces entirely wetted. In the case 
of vertical tubular coolers these surfaces must be at least doubled, in worm coolers 
they must be at least trebled. 

18 
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cannot be exactly estimated beforehand ; it is therefore necessary to 
make allowances for these uncertainties. The following assumptions 
appear to be quite reasonable : — 











Aqueous 






Steam. 




alcohol 
vapour. 


The vapour to be condensed 










is at 


100° 


60° 


40° 


80° 


It enters the cooling coil with 










the velocity - - f^ = 


30-50 


40-60 


46-65 


4-5 m. 


It enters the tubular cooler 










with - - - «i = 


20-30 


20-30 


25-35 


2-3 m. 


The velocity of the water should 










be as great as possible and 










at least - - - f/i = 


0001 


0001 


0001 


0001 m. 


The initial temperature of the 










water is taken at - tt, = 


10° 


10° 


10° 


10° 


The final temperature of the 










water is taken at - t^ = 


70°-80° 


40°-50° 


30° 


60° 


The condensed liquid is cooled 










down to - - - C = 


15° 


15° 


15° 


12° 



For the sake of convenience in making similar calculations two 
other tables are given, the first of which, Table 66, contains the 
weights of steam at 100"*, 60'', 40** and 36° C, and of alcohol vapour, 
ether vapour and air, which pass through pipes of 10-100 mm. dia- 
meter in one hour with a velocity of 1 m. per second. At any other 
velocity, Va, the weight of vapour passing is Va times as great. 

The second Table, 56, gives the quantity of water which rises in 
one hour with a velocity of 0001 m. in vessels of 300-1260 mm. dia- 
meter. If the velocity be Vy^ the quantity of water is V/^ times as 
great. If the quantity of water and the diameter of the vessel are 
known, Table 56 gives the velocity, v^^. 

(d) Estimation of the Dimensio7is, d and Z, of the Cooler Tubes. 

As with evaporator tubes (Chapter VIII., Table 13) so also with 
condenser tubes, in which vapour is to be liquefied, it is necessary to 
calculate not only their cooling surface, 'H^ but also the acttial 
measurements, i.e., to estimate their length and diameter, since too 
long tubes would be inactive at the end. 
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Table 66. 

The weight of steam, in kilos., which passes through tubes of 10-100 
mm. in diameter in one hour at the velocity, i;^ = 1 m. per second. 



Steam. 






Diameter of the tube in mm 


Pres- 


Tem- 




sure. 


pera- 
ture. 


























Atmos. 




10 


16 


20 


26 


30 


35 


40 60 


60 


70 


80 


90 


100 


abs. 


°C. 


























8 


184 


0-48 


1-08 


1-92 


3-00 


4-32 


6-00 


7-65 


11-8 


17-2 


28-6 


30-6 


38-9 


48-9 


2-5 


128 


0-40 


0-91 


1-60 


2-52 


3-66 


5-00 


6-48 


9-78 


14-6 


18-9 


25-7 


32-7 


40-0 


2 


121 


9-83 


0-74 


1-31 


2-06 


2-96 


400 


5-28 


7-95 


11-8 


161 


20-9 


26-6 


38-0 


1-6 


112 


0-25 


0-56 


100 


1-56 


2-24 


300 


400 


6-03 


8-99 


12-8 


15-9 


20-3 


26-0 


1 


100 


017 


0-383 


0-686 


107 


1-64 


2-10 


2-73 


4-27 


616 


8-48 


10-9 


18-9 


17-0 


0196 


60 


004 


0083 


0143 


0-23 


0-33 


0-43 


0-59 


0-93 


1-38 


1-79 


2-36 


800 


8-66 


0121 


60 


0023 0053 


0-093 


015 


0-21 


0-29 


0-38 


0-60 


0-87 


114 


1-50 


1-90 


2-34 


0072 


40 


0014 0-033 


0-068 


009 


013 


018 


0-23 


0-36 


0-5 


0-70 


0-92 


1-17 


1-43 


0066 


36 


0011 0015 


0049 


007 


0-10 


0-14 


0-18 


0-28 


0-40 


0-54 


072 


0-91 


111 






The weight of the vapour of aqueous alcohol. 


1 


80° 


0-39 10-88 11-56 |2-4013-60|4-80|6-26|100 |14-0 |19-0 |250 |31-8 |39-0 
The weight of ether vapour. 


1 


37-6° 


0-80 11-70 13-10 |5-00i7-00|9-60il2-5i200 |300 |41-0 |680 1660 |82-0 
The weight of air. 


1 


16° 


0-35 10-78 ,1-38 2-16 3-11,4-21 5-54 8*66 12-6 ll6-9 1211 ,28-0 ,34 6 

II''' 1 1 1 1 



Table 56. 

The weight of water, TT, which rises in one hour at the velocity, 
Vy = 0001 m., through vessels of 300-1250 mm. diameter. 



Diameter of vessel - 
Weight of water, W 


800 
262 


360 
346 

860 
2042 


400 
462 

900 
2289 


460 
672 


600 
706 


650 
866 

1050 
3117 


600 
1017 

1100 
8420 


660 
1194 


700 
1385 


760 
1690 

1250 
4417 


Diameter of vessel - 
Weight of water, W 


800 
1800 


960 
2620 


1000 
2820 


1160 
8788 


1200 
4068 



From the condition, that the quantity of heat given up by the 
condenser tube to the cooling water in unit time must be equal to 
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the heat of evaporation (or condensation) of the vapour introduced, 
we obtain the equation : 

HXe^ = '^^v,SGO0cy (204) 

Inserting the values of H^ and k^, we obtain 

dwl 750 s/^ 1/0007 + V, O^^^v^ 3600cy, 
from which 



From this equation, the most advantageous proportion of the 
length to the diameter of the condenser tube may be calculated for 
each special case. 

The great number of possible variations, due to the many variable 
factors, compels a restricted choice of the cases to be treated in 
tabular form. 

In Table 57 are arranged the ratios of the dimensions of the 

*^^» -, calculated by means of equation (205), for the condensation 

of steam at 134°, 121^ 100°, 60° and 40° C, and alcohol vapour at 
80° C. (86*3 per cent, by weight = 90*4 per cent, by volume), which 
enter the tube with velocities, v^ = 4-64 m., for water velocities of ly 
= 0-001-3-0 m. and mean temperature differences, $^ = 10°-70°. 

The following is the method of using the table : After fixing the 
desired entrant]|velocity of the steam, z'^, the suitable diameter of the 
tube is obtained, for the quantity of steam to be condensed, from 
Table 55 by a shght calculation. Table 52 gives also the temperature 
dififerences in both periods (condensing and cooling) for the known 
or assumed initial and final temperatures of the cooling water. 
Table 57 gives^from these the proper ratio of the length of the tube 
to its diameter. 

The size of the]resulting surface of condensation, H^, may then be 
calculated from the dimensions of the tube. 

The surfaces,-!!?*, required for cooling may be taken direct from 
Part II. of Table 54 and multiplied by 2 or 3 before use. 

All thesejassumptions and tables are for copper and brass tubes ; 
for those of iron or lead the additions, already frequently mentioned^ 
must be made. 
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Table 57. 
length of pipe ^ , . 

^^® ''^*'''' diameter of pipe = d' ""^ ''''PP®'' condensing pipes (coils) for 
steam at 134°, 121°, 100°, 60°, 40° C, and aqueous alcohol vapour 
at 80° C. (86*3 per cent, by weight), when the vapour enters at 
velocities of v^ = 1-64 m. and the cooling water has velocities 
of Vf = 0*001-3 '0 m., with temperature differences between 
vapour and cooling water of 0,^ = 10°-70° C. 



s 


it 


Steam at 121° C. 




u 


i« 


Steam at 134 


°C. 


•si 


li 


(2 atmos. abs.) 




ll 


S.g 


(3 atmos. abs.) 


J 


Velocity of steam on 


C3 f-^ 


Velocity of steam on 


■so* 

[3 § 


entering, tv, in m 




o 


entering, 


Vd, in m. 1 


§2 

^ a 








S2 


















1 1 






^ o 


^ ■*» 


4 


9 


16 


25 


36 


49 


64 


> o 


p^ :l 


4 9 


16 25 


36 


49 64 


ly 


«m 














m. 


°C. 


1 


1 




1 


m. 


°C. 


Ratio, i 
a 




Ratio, 3. 
a 


0020 


90 


60 


90 


120 


150 


180 


210 


240 


0020 


90 


88 


132 


174220 


264 


308 


350 




80 


67 


102 


136 


170 


204 


238 


270 




80 


98 


146 


198 


244 


294 


342 


394 




70 


76 


114 


154 


190 


228 


266 


308 




7b 


112 


168 


224 


280 


336 


392 


460 




60 


90 


136 


180 


222 


270 


314 


360 




60 


132 


198 


264 


320 


396 


462 


526 




50 


108 


162 


216 


270 


324 


378 


432 




50 


158 


236 


316 


394 


474 


580 


630 




40 


136 


202 


270 


340 


406 


476 


540 




40 


196 


294 


394 


490 


588 


686 


788 




30 


180 


270 


360 


490 


540 


630 


720 




30 


264 


396.526 


660 


792 


924 


1052 




20 


270 


410 


540 


670 


810 938 


1080 




20 


394 


590 


788 


980 


1182 


1372 


1578 


0-210 


90 


30 


45 


60 


75 


90 


105 


120 


0-210 


90 


44 


66 


87 


110 


132 


154 


176 




80 


34 


51 


68 


85 


102 


119 


135 




80 


49 


73 


98 


122 


147 


171 


197 




70 


38 


67 


77 


95 


114 


133 


154 




70 


66 


84 


112 


140 


168 


196 225| 




60 


45 


68 


90 


111 


135 


157 


180 




60 


66 


99 


i."2 ' no 


198 


231 


263 




60 


64 


81 


108 


135 


162 


189 


216 




50 


79 


118 


lr.s 


r.i7 


237 


276 


315 




40 


68 


101 


135 


170 


203 


238 


270 




40 


98,147 


1!'7 


i\b 


294 


343 


394 




30 


90 


136 


180 


245 


270 


315 


360 




30 


132 


198 


2r.'. 


ISO 


396 


462 


626 




20 


136 


206 


270 


335 


405 


469 


540 




20 


197 


295 


3'J4 


\\0 


691 


686 


789 


100 


90 


18 


27 


30 


45 


54 


63 


72 


1-00 


90 


26 


39 


fr' 


'^6 


78 


91 


106 




80 


20 


30 


40 


50 


60 


70 


81 




80 


29 


43 


fs'i' 


72 


87 


101 


118 




70 


23 


34 


46 


56 


69 


80 


93 




70 


34 


51 


{i- 


S5 


102 


119 


136 




60 


27 


40 


64 


67 


81 


94 


108 




60 


39 


68 


7'' 


117 


117 


129 


168 




60 


33 


60 


65 


82 


99 


115 


129 




50 


47 


70 


'Ji 


1].7 


141 


164 


189 




40 


40 


60 


81 


100 


120 


140 


162 




40 


59 


88 


1]- 


177 


177 


206 


236 




SO 


64 


81 


108 


136 


162 


189 


216 




30 


79 


118 


1,^7 


I'.I5 


231 


306 


816 




20 


81 


121 


162 


205 


243 


283 


324 




20 


118 


177 


2a7 


:1I5 


354 


413 


478 


3-00 


90 


10 


15 


21 


25 


30 


35 


42 


3-00 


90 


19 


28 


■i 7 


^7 


57 


66 


73 




80 


12 


18 


24 


30 


36 


42 


48 




80 


21 


31 


4::^ 


i2 


63 


71 


83 




70 


14 


21 


28 


35 


42 


49 


65 




70 


24 


36 


'17 


m 


72 


84 


94 




60 


16 


24 


32 


40 


48 


56 


64 




60 


27 


40 


M 


'17 


81 


94 


109 




50 


19 


28 


38 


47 


57 


68 


76 




50 


33 


60 


CG 


62 


99 


115 


131 




40 


24 


36 


48 


60 


72 


84 


95 




40 


41 


61 


82 


102 


123 


143 


165 




30 


82 


48 


64 


80 


96 


112 


127 




30 


55 


82 


110 


137 


166 


178 


219 




20 


47 


71 


95 


117 


141 


164 


190 




20 


83 


125 


165 


206 


249 


290 


329 
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Table 67 — (continued). 



> § 



H 

Is 



Steam at 100° C. 

Velocity of steam on 

entering, Vdi in m. 



4 > 9 

I 



16 1 25 



36 



49 



64 



5> o 



as 

am 



steam at 60° G. 

Velocity of steam on 

entering, Vd, in m. 



4 9 16 26 86 49 64 



*C. 



Ratio, ^. 



C. 



Ratio, ^ 



0001 



0009 



0020 



0-210 



1000 



8000 



65-7 


82-6 


65 


97 


78 


117 


97 


146 


130 


196 


44-6 


67 


52 


78 


62 


93 


78 


117 


102 


166 


37 


66 


43 


66 


62 


78 


64 


97 


87 


130 


19 


28 


22 


33 


26 


39 


33 


49 


44 


66 


11 


16 


13 


19 


16 


23 


20 


29 


26 


39 


8 


12 


9 


13-6 


11 


16 


17-6 


20-6 


18 


27 



111 

130 

166 

194 

260 

89 

104 

126 

166 

!08 

74 

86 

104 

180 

173 

37 

44 

62 

66 

86 



139 

162 

196 

243 

326 

111 

130 

166 

196 
160 
93 

108 

130 

162 

216 
46 
66 
66 
81 

108 
22 28 
26 33 
31 89 
39' 49 
62' 65 
161 20 
18 22-6' 27 
21| 27 i 32 
27| 34 41 
36i 46 64 



166 

196 

234 

282 

390 

133 

166 

187 

234 

312 

117 

130 

166 

196 

269 

66 

66 

78 

97 

130 

34 

39 

47 

69 

78 

I 24 



196 

227 

273 

340 

466 

166 

182 

218 

273 

364 

130 

161 

182 

227 

303 
66 
77 
91 

114 

162 
40 
46 
66 
69 
91 
28 

31-6 
38 
48 
63 



220 0001 

260 

312 

390 

520 0009 

178 

208 

249 

312 

416 

148 

173 



0020 



1000 



208 0-210 

260 

346 

76 

88 
104 
130 
173 

46 

62 

62 

76 
104 

32 

36 

43 

66 

72 



18 


26 


36 


44 


63 


62 


22 


33 


44 


66 


67 


78 


29 


44 


59 


74 


88 


108 


44 


66 


88 


110 


133 


146 


14 


21 


28 


36 


43 


60 


18 


26 


36 


44 


63 


62 


24 


36 


47 


69 


70 


83 


36 


63 


71 


89 


106 


124 


12 


18 


24 


30 


34 


41 


16 


22 


30 


37 


44 


62 


20 


30 


40 


60 


69 


69 


30 


44 


68 


74 


89 


104 


6 


9-1 


12 


16 


17 


20 


7-6 


11 


16 


18 


22 


26 


10 


16 


20 


26 


30 


35 


16 


22 


30 


37 


44 


62 


3-6 


6-3 


71 


9 


11 


12 


4-4 


6-7 


8-9 


11 


13-3 


15-6 


6 


9 


12 


16 


17 


20 


8-9 


13-2 


17-7 


22 


27 


31 



71 

89 
118 
177 

57 

71 

94 
142 

47 

69 

79 
118 

24 

80 

40 

69 

14 
17-71 

24 

35 



In tbe case of oily substances, or of steam which is bringing oily 
substances with it, the calculated heating surfaces must be approxi- 
mately doubled for practical use, because oily matter sticks to the 
walls and considerably diminishes the conduction of heat. 

The figures apply only to pipes of circular section, which are 
generally used; for pipes of other sections different values must be 
taken. 
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Table 67 — (cantinued). 























Aqueous alcohol vapour 




§1 




Steam at 40° C. 

Velocity of steam on 

entering, Vd, in m. 






11 


at 80° C. = 86-3 per 
cent, by weight = 90 
per cent, by volume. 
Velocity of vapour on 


It 


as 














15 


135 


entering, Vd, in m. 
































4 


9 


16 


26 


86 


49 


64 






1 


2 


4 


6 


9 


16 


Vf 


(>m 
















Vf 


«m 














m. 


°C 


12 




Ratio, ^. 






m. 


°C. 


Ratio, 2' 


0<K)1 


30 


18 


24 


30 


86 


42 


48 


0001 


60 


30-7 


48 


61 


74 


92 


122 




20 


18 


27 


86 


46 


64 


63 


72 




60 


37 


62 


74 


89 


111 


148 




16 


24 


36 


48 


60 


72 


84 


96 




40 


46 


66 


92 


111 


138 


184 




10 


86 


64 


72 


90 


108 


126 


144 




30 


61 


85 


122 


146 


188 


244 


0-009 


30 


9 


14 


19 


23 


28 


38 


87 




20 


92 


124 


184 


216 


276 


868 




20 


14 


21 


28 


36 


42 


49 


66 


0-009 


60 


24-6 


84 


49 


69 


73 


98 




16 


19 


28 


37 


46 


66 


66 


74 




60 


29 


40 


68 


69 


87 


116 




10 


28 


42 


56 


70 


84 


98 


112 




40 


37 


52 


74 


89 


111 


148 


0-020 


30 


8 


12 


16 


20 


24 


27 


81 




80 


49 


60 


98 


109 


147 


196 




20 


12 


18 


24 


80 


36 


41 


47 




20 


74 


104 


148 


178 


222 


296 




16 


16 


24 


32 


40 


48 


66 


64 


0-020 


60 


20-6 


29 


41 


50 


61 


82 




10 


24 


36 


47 


69 


71 


88 


94 




60 


24-6 


84 


49 


59 


74 


96 


0-210 


30 


4 


6 


8 


10 


12 


14 


16 




40 


30-8 


43 


62 


74 


92 


123 




20 


6 


9 


12 


16 


18 


21 


24 




30 


41 


68 


82 


99 


123 


164 




15 


8 


12 


16 


20 


24 


28 


82 




20 


61 


86 


122 


146 


188 


244 




10 


12 


18 


24 


30 


36 


42 


48 


0-210 


60 


10-2 


16 


20 


26 


81 


41 


1000 


30 


2-3 


3-6 


4-6 


6 


70 


8-8 


9-6 




60 


12-8 


17 


26 


29 


87 


49 




20 


3-5 


6-3 


7-1 


8-9 


10-6 


12-6 


14-0 




40 


16-8 


21 


81 


86 


46 


61 




15 


4-7 


7-1 


9-6 


11-8 


14-2 


16-5 


19-0 




80 


20-4 


29 


41 


49 


61 


81 




10 


7-1 


10-6 


14-2 


17-7 


19-3 


24-8 


28-4 


1-000 


20 
60 
60 
40 


30-6 
6-1 
7-4 
9-2 


48 

8-6 

10-4 

12-4 


61 
12 
16 
18 


74 
16 
18 
22 


92 
18 
22 
28 


122 
24 
29 
37 






















80 


12-3 17 


25 


29 


87 


49 






















20 


18-4 26 


87 


44 


66 


73 



Example. — 300 kilos, of steam at 100° C. are to be condensed, and the con- 
densed water cooled down to 20° C, by means of water which becomes heated 
from 10° to 70°. 

The velocity at which the steam enters is taken to be about 40 m. and the 
upward velocity of the cooling water to be ty = 0*001 m. 

According to Table 56, 800 kilos, of steam pass through a pipe of 66 mm. bore 
in one hour with a velocity of 42 m. Thus the bore of the tube is fixed at 66 mm. 

Table 62 shows that, under the conditions given, the mean temperature 
difference in condensing, $„€ = 62*5°, and in cooling, 0mk = 34*3°. 

I 

It then follows from Table 67 (by interpolation) that -j = 242, hence the 
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Table 58. 
Examples of the dimensions of condensing and cooling tubes of 10-100 
mm. diameter, for steam at 100°, 60°, 40°, and aqueous alcohol 
vapour at 80° C, for velocities of 40-20 and 2 m. respectively. 



Diameter of tube, mm. 


10 


15 


20 1 25 


30 


35 40 


50 


60 i 70 80 


90 


100 




Steam at 100°, entering with the velocity, va = 40 m. 




Water heated from 10° to 70° : velocity of water, v/ = 0*001 m. 




Condensed liquid at 15° ; 0,„r = 525°, 0n,it = 27-4°, ^ = 2347. 


Steam condensed by 


Copper coils. 




1 i 




1 












tube per hour, kilos. 


6-80 


15-2 27-4 40-3 ,61-5 


840 


109 171 


246 


339 


438 


554 


680 


For con- ^l^^g^h 
densation / sq. m. 


2-86 


3-62 4-70, 5-871 700 


8-21 


9-38 11-7 


14-3 


16-4 


18-8 


21-1 


23-5 


007 


0165!o-295; 0-46! 056 


1-00 


l-17i 1*^4 


2-68 


3-79 


4-70 


5-96 


7-37 


For cooling }l-8^^ 


10-6 


150 |21-5 240 33-0 


360 


400 500 


600 


710 


800 


90-0 


990 


O'SO 


0*69' 1-381 1-84 3-14 


3-84 


4-97, 7-80 


11-2 


15-5 


200 


21-3 


30-9 


Total length of tube, I 


130 


18-5 !26'7 29-8 400 

1 i i 


44-2 49-5 620 


74-5 


87-4 


98-8 


103 


123 




Steam at 100°, entering with the velocity, v^ = 20 m. 




Water heated from 10° to 70° ; velocity of water, i> = 0001 m. 




Condensed liquid at 15° : «,„ = 525°, «,„* = 274°, ^ = 170. 




Vertical cooling tubes. 


Steam condensed by 


1 , ' 1 1 ' ^1 


tube per hour, kilos. 


3-4 7-6 13-7 20-2 30-8 1420 i54-6 85-5 123 169 i 219 277 


340 


For con- Mength 
densation jsq. m. 


1-70 2-351 3-40 405 5101 5'75| 6 80 8-50ilO-2 lll-9 113-6 15-3 


170 


0052 Oil' 0-22 0-31 0-51 061 


0-85 1-83 1-91 200, 3-38: 428 


6-20 


For cooling }^°^^ 


4-00 4-80! 6-80 SOOilOO 11-81 


130 16-3 |20-0 23-2 


26-4 129-8 


32-4 


0-12 0-23 0-42 0-62 0-93 1-26 


1-64, 2-58 3-7 508 


6-58 8-32 


10-2 


Total length of tube, I 


5-70| 71510-2 ,191 151 176 


19*8 25-0 ,30-2 355 


40-4 45-5 


47*4 




Steam at 60°, entering with the velocity, Va = 40 m. 




Water heated from 10° to 40° : velocity of water, iy = 0*001 m. 




Condensed liquid at 15° ; tfmc = 31-7°, a,H» = 19-2°, ^ = 95. 


Steam condensed by 




Vertical tubes. 
























tube per hour, kilos. 


1-48 


3-30 


5-70 


9-2013-2 


17-2 


23-6 


37-2 


52-2 


71-6 


97 4 120 146 


For con- ^length 
densation jsq. m. 


0-95 


1-43 


1-90 


2-38 2-85 


3-33 


3-80 


4-75 


5-70 


6-65 


7-60 8-55 9-50 


003 007 


012 


0-18, 0-28 


0-37 


0-45 


0-74 


106 


1-46 


1-90 2-39 SCO 


For cooling f^l^^ 


1-10, 1-75 


2-20 


2-80 3-20 


400 


4-40 


5-60 


6-60 


7-70 


8-80100 11-1 


OO34I 008 


0-13 


0-22 0-30 


0-41 


0-55 


0-88 


1-28 


1-68 2-221 2-84 8-46 


Total length of tube, I 


205 3 18 


410 


518 605 


7-33 


8-20 


10-35 


12-3 


14-4 66-4 18-6 ;20-6 

1 t 
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Diameter of tube, mm. 



Steam condensed by 

tube per hour, kilos. 

For con- ) length 

densation i sq. m. 

For cooling j^"^^ 

Total length of tube, / 



10 I 15 



I 30 I 35 40 50 



70 80 90 100 



Steam at 60°, entering with the velocity, Vd = 20 m. 

Water heated from 10° to 40° ; velocity of water, V/ = 0001 m. 

Condensed liquid at 16° ; B,,^ = 31-7°, «,„* = 192°, ^ = 65. 

Vertical tubes. 



074 

0-65 
0-02 
0-65 
002 
1- 



166 2-86 4-62 


6-60 


8-64 


118 


18*6 


26-6 


35-8 


47-2 


60-0 


0-97 1-301 1-63 


1-96 


2-27 


2-6 


3-25 


3-90 


4-66 


510 


5-85 


004' 008^ 012 


0-19 


0-25 


0-33 


0-51 


0-73 


1-00 


1-27 


1-63 


0-88 1-101 1-40 


1-60 200 


2-20 


2-80 


8-30 


3-90 


4-40 500 


004 07i 0-11 


0-16' 0-21 


0-28 


0-44 


0-73 


0-84 


l-li; 1-42 


1-85 2-30. 300 


3-55j 4-27 


4-80 


605 


7-20 


8-48 


9-5010-8 



73-2 

6-60 
2-00 
6-60 
1-73 
120 



Steam at 40°, entering with the velocity, Va = 20 m. 

Water heated from 10° to 30° ; velocity of water, V/ = 0001 m. 

Condensed liquid at 15° ; 0n,c = 18°, e^t = 13-7°, j = 45. 

Vertical tubes. 



Steam condensed by 
tube per hour, kilos. 
For con- Uength 
densation /sq. m. 
PoroooUug }^"«^h 
Total length of tube, I 



0-28 

0-45 
10014 

0-16 
10005 

0-61 



65, 115 1-80 2-50 
0-68, 0-90! 110, 1-35 
0-03I 0-06;0-087 013 



0-26 

0-012 

0-94 



0-34| 0-42! 0-48 



00210-032 
1-24J 1-55 



3-50 

1-58 
0-17 
0-60 
0630- 



0-045:0' 
1-831 218 



4-60 

1-80 
0-25 
0-70 
•083 
2-50 



I 



7 

2-25 
0-35 
0-83 
013 
305 



100 

2-70 
0-50 
1-00 
0-18 
3-70 



140 

3-15 
0-80 



19-4 23-4 
3-60l 4-05 
0-90, 1-13 
1-201 l'40l 1-60 
0-26 0-341 0-42 
4-35 500, 5-65 



28-6 

4-50 

1-4 

1-70 

0-51 

6-20 



Aqueous alcohol vapour at 80°, entering with the velocity, va = 2 m. 
Water heated from 10° to eO'' ; velocity of water, ty = 0*001 m. 

Condensed liquid at 12°; 0„,^ = 36-6°, «„,* = 17-4°, ^ = 75. 



Vertical tubes. 



Coils. 



Vapour condensed by 

tube per hour, kilos. 

For con- ) length 

densation /sq. m. 

For cooling f^^t 
Total length of tube, / 



0-78 


1-76 


0-76 


113 


0-O23 


0052 


0-7 


106 


0O22 


005 


1-45 


22 



3101 

150 
0-095! 

1-401 
0-0841 

2-9 



4-80 


700 


9-60 


12-5 


200 


280 


380 


1-881 2-25 


2-63 


3-00 


3-75 


4-50 


5-25 


015 


0-22 


0-28 


0-38 


0-68 


0-84 


1-16 


1-80 


2-0 


2-50 


4-40 


510 


6-26, 7-00 


0-13 


0-19 


0-25 


0-51 


0-81 


1-17 


1-59 


3-68 


4-25 


5-5 


7-4 


8-9 


10-8 


12-3 



500 63-6 

6-00| 6-75 
1-60 1-87 
810| 9-90 
203 2-75 
141 16-7 



78 
7-50 
2-8 
10-5 
316 
18 
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length of pipe for the condensation is I = 0*065 x 242 = 15*73 m. and the con- 
densing surface He = 3*21 sq. m. 

According to Table 54, the cooling surface must be H^ = 8 x 8 x 1*15 = 10*50 
sq. m., i.e., a pipe of 65 mm. diameter must be 50*8 m. long. The whole con- 
densing and cooling pipe has therefore a length of 15*73 + 50*8 = 66*58 m. and a 
surface of H„t = 3*21 + 10*5 = 18*71 sq. m. 

Since it is impossible to unite all cases, some important ones, 
chosen from the great number, are alone given in Table 58. 

Observations. — Several experiments, calculated out, are now given. 



Weight of vapour, D, condensed 
per hour - - kilos. 

Oily matter carried in the vapour 
kilos. 

Temperature of the vapour on 
entering . - . - 

Temperature of the condensed 
liquid 

Material of the cooling surface - 

Number and diameter of the tubes 
Initial temperature of the cooling 

water 

Final temperature of the cooling 

water 

Velocity of the cooling water ty 
Acttial cooling surface - sq. m. 

Calculation. 

Calories to be apbstracted in con- 
densing 

Calories to be abstracted in cooling 

Temperature of the water at the 
point of condensation - 

Mean temperature difference in 
condensing - - - e^ 

Mean temperature difference in 
cooling - - - - ^m* 

Entering velocity of the vapour va 

Coefficient of transmission in 

condensing - - - fee 

Coefficient of transmission in 

cooling - - - - fcjt 

Cold surfaK:e for condensing - He 

Cold surface for cooling - if* 
CalculaM cold surfaK:e sq. m. 



Water. 



845 



295 



100° I 100° 



8760 



34° 
brass 

2x67 

10° 

75° 

0*001 

91 



25° 
brass 

2x67 

10° 

65° 

0*001 

9-5 



185262 157841 
22770 j 21976 

17*1° I 16*6° 

48*6° I 55-8° 

48° I 89-8° 



22*9 
718*5 

5-80 
4-74 
1004 



19*5 



663 



100° 

100° 
wrought 

iron 
160x27 

40° 

96° 

0082 

67 



2180000 

21-6° 

36 
1425 



79° 79° 

79° 
copper copper 

21 X 5 55 x 29 

2-6° 8' 



Alcohol, 
98 per cent, 
by weight. 



189*5 



120 



3^ 

4-26 
5*40 
9-66 I 



20° 

00015 

6 



32177 
7562 

5-6° 

67° 

20*1° 
2-73 

240 

1*96 
3*78 
I 574 



I 



61° 

0-002 

7 



68964 



42*9° 



1-7 
0-5 

222 



7*2 
7*2 



Water + Oil. 



815 
77 
121° 



cast 
iron 
1x76 

6° 

48° 
0*001 
32(a) 



I 
1x50 

10° 

42° 
0*001 
14-5(a) 



170100 
18310 
2000(b) 

31*5° 

70° 

89*7° 
82-8 

855 

ip 
3*31 
12*80 
161 



I 



84 
326 
88° 
22° 



88*2 
31 
110° 

220 
coppei 

1x40 

18° 

38° 
0*001 
6-3 (a) 



45696 
5540 

8476(b) 

25° 

54*8° 

31*5° 
29 

807 



47628 
6864 
860(b) 

17° 

75° 

32*2^ 
32 

847 



100 0-79 
8*88 2*34 
9-88 I 3*16 



(a) The exterior surfaces of the tubes. 

(b) The upper figures, 13310, 5540, 6864, are the numbers of calories to be 
abstracted from the water, the lower figures, 2000, 8476, 860, the calories to be 
abstracted from the oil. 
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2. Closed Surface-Condensers with Air Cooling. 

In certain rare cases the condensation or cooling is effected by 
means of air instead of water. The air is then driven over the 
cooling surfaces by artificial means (fans) or by a natural draught. 
In both cases it is in the first place necessary to know the quantity 
of air required to abstract a definite amount of heat, so that the 
dimensions of the fan and flues may be determined. 

Let L be the weight of the air in kilos., a-{ » 02375 its specifio 
heat at constant pressure, which is in this case always that of the 
atmosphere, ti^ the initial and ^,« the final temperatures of the air, C 
the heat, in calories, to be transferred, then 

L^-rj^—-. (206) 

Thus there are required, in order to take up 100 units of heat^ 
from or by the air, if it is to be cooled or heated through 

20° 30" 40° 60° 60° 70° 80° 90° 100° G. 
21-05 1403 10-52 8*42 701 601 5-25 4-68 4-21 kilos, of air. 

The volume of the dry air, when the pressure remains constant 
(which is the case here), depends only on its temperature. 1 cub. m. 
of dry air at 0° C. and 760 mm. pressure weighs 1-293 kilos., thus 
under these conditions 1 kilo, of air occupies a space of 

1000 



1-293 



772 litres. 



The increase in volume of the air is proportional to the increase 
in temperature, measured from absolute zero; 1 kilo, of air at the 
tompefature ii^ thus occupies a space of 



a, = 



1000(273 + i,) ^ ( e, \ 
1-293 X 273 - ^^X 273J ^'*^^' ' ' ^2"^> 
Exam2)l€. — At 60° C. and 760 mm. pressure 1 kilo, of air occupies a space of 

In Table 59 are given the volumes, a„ in litres, calculated by 
means of equation (207), occupied by 1 kilo, of dry air, at the normal 
barometric height of 760 mm. and various temperatures from - 20° 
to 400° C. Now, atmospheric air always contains some water vapour 
— at 15° C. about 0-5-1 per cent, of its weight. The specific heat of 
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Table 59. 

The volumes, a„ of 1 kilo, of dry air at the normal barometric height 
of 760 mm. and at temperatures from - 20° to 400'' C. 





a . 




S . 




3 . 




^i 




i . 


2 

3 . 


o o 




•a 1? 

5 a 

i1 

So 

ft -« 


2 
Is 


O 3 




s« 

T-4 -*a 


£ 

tl 


O P 

s» 
i-t ■*» 


"■C. 


Litres. 


"C. 


Litres. 


"C. 
145 


Litres. 
1183 


»0. 


Litres. 


°c. 


Litres. 


-20 


716 


60 


942 


235 


1438 


320 


1679 


-16 


730 


66 


956 


150 


1197 


240 


1452 


325 


1693 


-10 


745 


70 


970 


155 


1211 


245 


1466 


330 


1708 


-5 


759 


76 


984 


160 


1225 


260 


1480 


335 


1721 





773 


80 


999 


165 


1249 


255 


1494 


340 


1736 


1 


776 


85 


1013 


170 


1264 


260 


1509 


345 


1760 


5 


789 


90 


1027 


176 


1268 


265 


1613 


350 


1764 


10 


802 


95 


1038 


180 


1282 


270 


1537 


365 


1778 


16 


816 


100 


1056 


186 


1296 


275 


1551 


360 


1793 


20 


831 


106 


1070 


190 


1319 


280 


1565 


365 


1807 


25 


847 


110 


1084 


200 


1330 
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1579 


370 


1821 


30 


868 


115 


1098 


205 


1344 


290 


1594 


375 


1835 


35 


872 


120 


1112 


210 


1367 


295 


1608 


380 


1849 


40 


886 


126 


1126 


216 


1381 


300 


1623 


386 


1863 


46 


900 


130 


1140 


220 


1396 


306 


1637 


390 


1876 


50 


914 


135 


1154 


226 


1410 


310 


1651 


395 


1890 


56 


928 


140 


1169 


230 


1424 


316 


1665 


400 


1905 



When the barometer is at 740 mm. the volume of the air is about 
3 per cent, larger, at 780 mm. the volume is about 3 per cent. less. 

water vapour is o-^ = 0475, about double that of air, but the small 
•quantity of vapour in the air causes such a slight increase in the 
amount of heat required to raise its temperature that we may neglect 
it in the present case. 

The transfer of heat between air in motion and a metal surface 
•(heating surface) may be expressed by the following equation, 
according to the results of the researches of Joule and Ser and the 
•work of Molier: 

k, = 2 + 10jv, (208) 
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in which Vi is the velocity of the air in m. per second. Thus the 
heating surface, -ff„ necessary for the transference of the quantity of 
heat, 0, in the time, z,, (in hours), with the temperature difference, 6„, is 

^'°5AJ,°^A(2 + 10V^ .... (209) 

The state of rest, or of motion over the heating surface, of the vapour 
or water to be cooled is not regarded in the equation (208) which gives 
the transmission coefficient, k. It is always found, however, that the 
rapidity of the circulation of vapour or water over heating and cooling 
surfaces influences very considerably the quantity of heat transferred. 
There is no doubt this would also be the case with cooling by air, hence 
we cannot regard the expression (^08) as quite correct. Eeliable 
researches on this point are, however, not yet known, and the author 
has no observations of his own; it is therefore necessary for the 
present to be content with the above value for ki. It may be 
assumed that, in the experiments of which the formula (208) is the 
result, the velocities of steam and water were not very great, so that 
with a rapid motion of these substances the transference will be 
rather greater than calculation indicates. 

The temperature difference between air and heating surface is to 
be taken as the mean. If the entering and leaving temperatures of 
the water or vapour to be cooled are known, the mean temperature 
difference, $^, is easily found by Table 62, by supposing the cooling 
air in place of the cooling water. 

Example. — The temperature of the vapour to be condensed and cooled is 100** 
C, the temperature of the condensed liquid is to be 20° ; the air enters at 15° and 
leaves at 60° G. Then the mean difierence in temperature, according to Table 
52, is : 

For the period of condensation - - 6me = 56'8°. 

For the period of cooling - . - $^^ — 26-8°. 

If the temperature difference be obtained in this way and the 
velocity of the air then fixed, then, in Table 60, calculated by means 
of equation (209), is found the cooling surface required to transfer 
1000 calories in one hour with air velocities of 1-36 m. per second 
and temperature differences of 5°-100° C. 

Finally, the section is to be determined across which the air must 
flow, which depends on the velocity given to the air. 
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If F, be the volume of air, in litres, to be sent through the con- 
denser in one hour, q the section of the air channel in sq. dcm., and 
r, the velocity of the air in m. per second, then 

V, = qvt 3600 X 10 (210) 

^ = ^^0 (2"^ 

An example is calculated in order to make clear the method of 
estimating the heating surface and section of the air passage. 

Example. — 100 kilos, of steam at 100° C. are to be condensed in one hour and 
the condensed water cooled to 20° C. The cooling air is to be heated in the 
process from 15°-80° C. 

In order to convert 100 kilos, of steam at 100° into water at 100° C, 
100(687 - 100) = 53,700 units of heat must be withdrawn. 

In order to cool the 100 kilos, of condensed water from 100° to 20°, there 
must be abstracted (100 - 20)100 = 8000 calories. Thus, in all, 53,700 + 8000 := 
61,700 calories. 

The weight of air required to absorb this heat is, according to equation (206), 

^ C 61,700 ,nnrn,i * • 

-^ = —r, i-v = r. oofTfr/n rv — teT = 4000 kilos, of air. 

tri(tie - tia) 0-2375(80 - 15) 

4000 kilos, of air at 15° have (Table 59) a volume of 3,264,000 litres. 

4000 kilos, of air have at 80° (Table 59) a volume of 4,000,000 litres. 

The mean temperature difference between steam and air is, according to 
Table 52, e,nc = 41-8°. 

The mean temperature difference between condensed liquid and air is, 
according to Table 52, a,„* = 25-8°. 

If we assume the velocity of the air to be 20 m. per second, then the cooling 
surface required for condensation is, by equation ( 



rr C 53,700 „o„ 

Hi = — ri- = 1=- = 28-7 sq. m., 

ZhBmki 1 X 41-8(2 + 10^20) 

or, by Table 60, for a difference in temperature of 40° (in round numbers), 
58-7 X 0-545 = 29 sq. m. (approx.). 

8000 

For cooling there are required r^_ = 6*64 sq. m. (or, by Table 60, 

* ^ 25-8(2 + 10 V 20) °M \ . J 

0*872 X 8000 
for an approximate difference in temperature of 25°, j^q^ = 6-98 sq. m.). 

The total cooling surface is thus about 36 sq. m. 

The section, across which the air is to pass with a velocity of 20 m., is, by 
equation (211), 

T', 3.264,000 , ^o - 

"i = tV3600 = 20 X 36,000 = ^'^ '^' ^''^' 
A tubular heating surface of 36 sq. m., which is to have a section of 4*53 sq. 
dcm., consists of 147 tubes of 20 mm. bore, each 4000 mm. long. 



OPEN SUBFACE-CONDBNSERS. 



287 



Table 60. 

The cooling surface, H,, in sq. m., required to transfer 1000 calories 
in one hour, when cooled by air at velocities of t?, = 1-36 m. and 
at mean differences in temperature of $,^ = 5°-100° C. 



rature 
tween air 
surface. 


Velocity of the air, vt, in m. per sec. 




















^ Mean tempe 

3 difference be 

and cooling i 


1 


2 


3 


4 


9 


16 


20 


25 


36 


Coolin 


g surface 


, in Bq. m., required to transfer 1000 calories per hour. 


6 


16-66 


12-42 


10-46 


9-10 


.6-24 


4-76 


4-36 13-84 


3-220 


10 


8-33 


6-21 


6-23 


4-55 


312 


2-38 


218 ,1-92 


1-610 


15 


5-55 


4-14 


3-487 


3038 


2-080 


1-586 


1-453 1-280 


1-073 


20 


417 


3105 


2-615 


2-258 


1-560 


1-190 


1-090 0-960 0-8051 


25 


3-33 


2-484 


2092 


1-820 


1-248 


0-952 


0-872 0-768 


0-644 


30 


2-78 


2-07 


1-743 


1-517 


1040 


0-793 


0-727 10-640 


0-535 


40 


209 


1-503 


1'308 


1-129 


0-780 


0-596 


0-545 1 0-480 


0-403 


50 


167 


1-242 


1-046 


0-910 


0-624 


0-476 


0-436 0-384 


0-322 


60 


1-39 


1036 


0-872 


0-759 


0-520 


0-397 


0-364 0-320 


0-269 


70 


019 


0-888 


0-74810-650 


0-446 


0-340 


0-311 0-275 


0-229 


80 


105 


0-752 


0-654 0-565 


0-390 


0-298 


0-273 0-240 


0-202 


90 


0-92 


0-690 


0-581 0-506 


0-347 


0-272 


0-242 0-214 


0-180 


100 


0-83 


0-621 


523 0-455! 0-312 

1 1 


0-238 


0-218 0192 


0161 



3. Open Surface-Condensers. 

Steam at atmospheric or lower pressures, or other gases or 
vapours, are condensed in open surface-condensers; it is rarely 
required also to cool the condensed liquid. In these condensers the 
vapour to be liquefied flows simultaneously through a number of 
parallel horizontal tubes, straight or curved, and arranged vertically 
over one another, or through vertical tubes. The cooling water, in 
a thin sheet, flows over the uppermost tube, it then flows down 
over the outside of the tubes and leaves heated at the bottom. The 
tubes are generally of equal size, but, since in the first case the 
cooling water is colder when it flows over the upper than the lower 
tubes, the temperature difference between vapour and water is greater 
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above than below. The upper tubes therefore condense more vapour 
and even cool the condensed liquid. The upper tubes have therefore 
a greater capacity than the lower. 

The quantity of heat, C, to be abstracted from the vapour in 
condensation is known in each case : 

= i>(c - g (212) 

The requisite condensing surface, H^j is obtained from the well- 
known equation : 

^" = & ^^^^> 

The temperature difference, ^„„ must here be the mean difiference 
calculated for the whole apparatus, as found in the ordinary manner 
by means of Table 1. 

The coefficient of transmission for copper and brass tubes may be 
taken as 

A:, = 750 5/^ ^0-007 + v, (214) 

For iron tubes it is, at the most, 0*75 times as great. 

In this form of condenser there is frequently a very considerable 
incrustation on the outside of the tubes, the inside is also occasionally 
coated by slimy or solid deposits. Thus the cooling action often 
sinks to one-half or to even one-third of the original. This is parti- 
cularly the case with iron tubes, and must be considered in settling 
the dimensions. 

The initial velocity of the vapour, r^, may be determined in every 
case from its weight and volume and the section of the tubes. 

The velocity with which the cooling water flows down, Vf, depends 
on the quantity which is to flow in one hour over 1 m. in length of 
the apparatus, and increases with that quantity, just as in surface 
coolers. 

With a somewhat economical consumption of water, the velocity, 
Vf, of flow over the surface of horizontal tubes cannot be taken at more 
than 0-200 m., then 3/a00T+^ = 0-6. 

On vertical tubes v^ may be about 0-400 ra., in which case 
3/0<)07 + zv = 0-74. 

I , 

The ratio between the length and the diameter of the tube, r is 

obtained as in the former similar cases — the quantity of heat trans- 
mitted in one hour through the cooling surface must be equal to the 
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latent heat of the weight of vapour condensed in the tube during one 
hour. Therefore 

d7rZM,« = ^t;,3600y(c-g, 

I VaS600y(c - Q 
3= 4SA 

Inserting the value for k^ from equation (214) we obtain 

and, since for horizontal tubes i/0*007 + v, = ^'^ {^^^ above), 
I 2 v/^y(c - g 



3" ^™ 



(215) 



J?a^pmm«ntoZ Observation, — 8000 kilos, of steam at a vacuum of 640-650 mm. 
(58*6° 0.) were condensed per hour by 600 vertical iron tubes of 40 mm. bore, 
4000 mm. long. The mean temperature of the cooling water was 45^-47*^, the 
cooling surface 250 sq. m. 

The amount of heat to be transferred per hour was 

C =r 8000(623 - 58*5) = 4,656,600 calories. 

The volume of steam entering the tubes per second was 

,, 8000 X 9610 „, .^^,.x 
^'' = — 8600— = 2M40 litres. 

The free section of the 500 tubes amounted to 

q = 0-125 X 600 = 62*6 sq. dcm., 
hence the entrant velocity of the steam was 

The velocity of the cooling water flowing down the vertical tubes was abou^ 
0*400 m., consequently the transmission coefficient, would have been, for copper, 

kc = 750 %/33^ l/6W7TO-40b = 8232. 

Since, however, iron tubes were used, 

fee = f X 3282 = 2424. 

The temperature difference was •,„ = 68'5 - 46 = 7*6°. 
Consequently the calculated cooling surface was 

„ 4,566,00 orn«n m 
^«=2424nr7-5^2^^-°^' 

which agrees exactly with the real cooling surface of 250 sq. m. 

19 



290 



EVAPORATING AND CONDENSING APPARATUS. 



Table 61. 

The cooling surface, H^y of copper or brass in open surface-condensers, 

the consumption of cooling water, TF, and the mean temperature 

difference, B^, requisite to condense per hour 100 kilos, of steam at 

100°, 60^ 60° and 40° C, by means of cooling water at 15°-50° C. 



•s 

ll 


g 
1 

■19 


Mean temp, diff., a^, cool- 
ing water, W, and cooling 
surface. He. 










Temperature of t&e steam, /<{. 








100° 


60° 




50° 


40° 




Final temperature of the cooling water, t^. 






80° 


90° 


98° 


40° 


60° 


58° 


30° 


40° 


48° 


20° 


80° 


38° 


16° 


26 


9n. 

W 

He 

I 

1 


45 
830 
0-53 


85 
738 
070 


21-2 
661 
113 


31 1 23-4 
2320 1 1660 
083 111 


18-5 
1360 
1-93 


27 
3933 
100 


20 
2360 
131 


11-2 
1788 
2-34 


22-5 
12500 
118 


16-5 
4000 

162 


9-2 
2610 
296 






78 


94 


155 


24 32 


56 


18 


24 


48 


14 


19 


33 




60 


He 

I 

d 


0-38 


0-50 


0-80 


0-68 


079 


137 


0-71 


0-93 


1-66 


0-83 


115 


210 






102 


131 


217 


83 


44 


78 


25 


38 


60 


20 


27 


46 


20° 


26 


9m 
W 

H 


48-2 
890 
0*56 


33-6 
786 
072 


20-8 
692 
116 


28-8 
2900 
0-90 


21-6 
1938 
118 
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Table 61 — (continued). 
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Cooling surfaces of iron must be at least 1*33 times as great. 
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The annexed Table 61 gives for a number of cases the requisite 
cooling surface (in copper tubes) for the hourly condensation of 100 
kilos, of steam at different pressures, which enters the tubes at 
velocities of 25 or 50 m., and for cooling water at 15°-60° C. 

Generally the condensed liquid does not leave the condenser 
much colder than the steam ; if, however, the condensed liquid is 
intended to be cooled considerably, the cooling surface must be 
correspondingly increased. 

The consumption of cooling water, W, given is the theoretical. 
In practice, on account of evaporation, it would be 3-5 per cent. less. 



CHAPTER XXI. 
HEATING LIQUIDS BY MEANS OF STEAM. 

A. Steam Heating Coils or Systems of Tubes in the Liquid 
to be Heated. 

1. The Liquid is not Changed, 

The heating of liquids by steam has already been mentioned (Chapter 
VIII.). The steam used for heating liquids (if it is not superheated, 
a case which is rare and therefore remains untreated here) must 
condense, and sometimes the condensed water must be cooled. The 
weight of steam required to heat a given quantity of water through a 
given range of temperature can always be found. On that account, 
and because it is convenient to the course of our subject, we proceed 
to the calculation of the requisite heating surface by first deter- 
mining the weight of steam required for heating and thence the 
surface requisite for its condensation. 

The weight of steam, D, required to heat F kilos, of a liquid of 
specific heat, o>» from t^^ to t^, is 

D - ^<^A>- W ....... (216) 

640 --^^^^-p^ 

Example. — ^In order to heat F = 100 kilos, of water from 80^-90*^ C, there are 
required 100(90 - SO) = 6000 calories. 

Assuming the condensed water escapes at the mean temperature of the water, 
/^w|Ja ^ 90+_80 ^ g^^ ^^^^ ^ j^.j^ ^^ ^^^^^ ^^^ up 640 - 60 = 580 calories, 

fiOOO 
and D = -=^ = 10*846 kilos, of steam are required. 

The difference in temperature between the steam and the liquid 
decreases during the process of heating; it is clear from previous 
explanations that the mean temperature difference is determined 
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from the greatest difference at the beginnmg, 0^, and the least at the 
end, e, (Chapter I., Table 1). 

Example. — If the steam is at 100^ G., with the data of the last example, 
^a = 100° - 30° = 70°, Be = 100° - 90° = 10°. Consequently 

The mean temperature difference is then, from Table 1, 
9m = 0-442$a = 0-442 x 70 = 80-94° C. 

Table 62 gives the number of units of heat required to warm 100 
kilos, of water under different conditions, also the consumption of 
steam and the mean difference in temperature. 

If the warming vessel is to be provided with coils or systems of 
tubes, through which the heating steam passes, its entrant velocity, v^, 
can generally be selected (30-40 m. for coils, 10-20 m. for short vertical 
tubes, would be suitable). From this and the hourly consumption of 
steam, D, the proper diameter of the coil or tubes can be ascertained 
by means of Table 55. 

The diameter of the tube, the temperature difference and the 
entrant velocity, all of which are known, then give, by means of 
equation (205) and Table 57, the necessary length of tube, and thence 
the coohng surface, JB,, if the velocity of the liquid about the tube is 
known. If this velocity is unknown, the smaller value of k^ from 
equation (217) should be inserted in the expression : 

If the liquid is not driven artificially over the heating surface, the 
rapidity of its motion about this surface increases with the rise in 
temperature. The real extent of this velocity depends then on the 
form and dimensions of the surrounding vessel and the arrangement 
of the heating surface, which naturally is placed at the bottom. 

The mean velocity of the liquid over the heating surface, in 
heating without stirrers, may vary in different cases approxi- 
mately between Vj- = 002 and 0-300 m. The smaller figure is for 
large vessels and liquids at low temperatures, below 60° C. ; the 
larger figure for small vessels and liquids at higher temperatures, 
60°-100° C. 

The coefficient of transmission should be taken in this case of 
steam coils, used for heating without stirrers, as 

fc. = 225 V5; to 450 Vv^ (217) 
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Table 62. 
The requisite number of calories, C, weight of steam, D, and mean 
temperature difference $„y between steam and water, for 
heating 100 kilos, of water from the temperature, t^„, to the 
higher temperature, tf^. 



§ 


Steam. | 


Units of 








3 






heat, C. 












Weight 




Final temperatare oi cne neaiea waier, i^ \ 


Pi u 


g 


2 


of 






(for <r/ = 1). 


ll 


1 


1 


steam, 
D. 








3s 

25 




g, Mean 








1 


temp. 




















^S-s 




S 


diff., 


80 


40 


60 


60 


70 


80 


90 


100 




tya. 


ta- 


«m. 






4000 














10 






C- 


2000 


8000 


6000 


6000 


7000 


8000 


9000 


cals. 








D = 


3-3 


6-6 


70 


90 


10-5 


12-6 


14-5 


16-7 


kilos. 




1 


100** 


em = 


81 


76 


67 


62 


54 


46 


36 


— 


°C. 




1-5 


iir 


ti 


90 


85 


79 


72 


66 


60 


60 


40 


»» 




2 


121° 




100 


96 


89 


88 


77 


68 


62 


62 


>i 




8 


134° 


j^ 


126 


110 


104 


97 


90 


86 


79 


78 


»i 


20 






c'= 


1000 


2000 


8000 


4000 


5000 


6000 


7000 


8000 


cals. 








D = 


1-7 


8-8 


6-6 


7-2 


8-7 


11-0 


12-7 


14-8 


kilos. 




1 


100° 


a« = 


73 


69 


60 


67 


62 


48 


33 


— 


°0. 




1-6 


111° 


11 


86 


81 


76 


69 


61 


64 


46 


37 


11 




2 


121° 


11 


96 


90 


85 


79 


73 


66 


69 


60 


»» 




8 


134° 


11 


108 


102 


97 


92 


86 


79 


76 


66 


11 


so 






C = 


— 


1000 


2000 


3000 


4000 


6000 


6000 


7000 


cals. 








Z)=: 





1-7 


3-5 


6-6 


70 


9-1 


10-9 


13-0 


kilos. 




1 


100° 


em = 





64 


69 


56 


46 


40 


30 


— 


°C. 




1-6 


111° 


It 





76 


72 


66 


68 


61 


43 


36 


t» 




2 


121° 


11 





86 


81 


74 


67 


61 


66 


46 


»> 




8 


134° 







96 


90 


86 


80 


78 


67 


61 


»» 


40 






c = 








1000 


2000 


8000 


4000 


5000 


6000 


cals. 








Z) = 








1-76 


3-7 


6-8 


7-2 


9-1 


11-1 


kilos. 




1 


100° 


em = 








64 


60 


43 


36 


28 


— 


°C. 




1-5 


111° 


»} 


— 


— 


64 


68 


64 


46 


41 


32 


fi 




2 


121° 




— 


— 


76 


70 


64 


57 


52 


43 


n 




3 


134° 


J 





— 


91 


84 


79 


70 


66 


68 


»» 


60 






c' = 











1000 


2000 


3000 


4000 


5000 


cals. 








D = 











1-8 


3-5 


6-6 


7-2 


9-2 


kilos. 




1 


100° 


«m = 











46 


39 


32 


26 


— 


°C. 




1-5 


111° 


)) 











54 


60 


48 


36 


29 


»i 




2 


121° 


11 


— 


— — 


66 


69 


64 


47 


40 


•) 




3 


134° 




— 


— 


— 


79 


74 


68 


62 


57 


11 


60 






c = 








— 


— 


1000 


2000 


3000 


4000 


cals. 








Z) = 








— 




1-7 


8-7 


6-5 


7-3 


kilos. 




1 


100° 


am = 













86 


29 


22 


— 


°C. 




1-5 


111° 







— — 


— 


45 


89 


32 


25 


»» 




2 


121° 


}i 











— 


64 


50 


43 


36 






3 


134° 




— 


— 


— 


— 


70 


62 


67 


51 


i» 



296 EVAPOBATING AND CONDENSING APPARATUS. 

The section of the steam valve may he determmed by the aid of 
Table 14. 

When the motion of the liquid is artificially accelerated by stirrers^ 
its velocity can in some degree be determined, it will be 1-3 m. A 
higher velocity is without advantage, for the transmission of heat 
does not then increase to any great extent, whilst the power required 
increases considerably. The stirrer should naturally be, as far as 
possible, constructed so that it always conveys fresh liquid to the 
'heating surface. 

The coefficient of transmission for the heating of thin liquids by 
steam in copper tubes, tvith stirrers, is 

K^750jV^\J6mTVv, (218) 

The true velocity of the liquid obtained by means of a stirrer is 
not easy to estimate, either before or after the construction of the 
apparatus. 

The application of a stirrer is still more necessary in heating and 
cooling thick sticky masses than with thin and readily mobile liquids. 
The former cannot be brought into rapid circulation even by very 
unequal heating. A stirrer is also necessary in the case of those 
liquids which would be damaged if their particles were heated almost 
to the temperature of the hot surface. 

Example. — 5000 litres of water are to be heated in one hour from 20° to 80° G. 
by steam at 100° by means of a heating pipe. 

According to Table 62 there are required for this purpose 50 x 6000 = 300,000 
calories and 11 x 50 = 550 kilos, of steam. The temperature difference is 43° G. 

The entrant velocity of the steam is taken at 40 m. The diameter of the 
heating tube must be 90 mm., for, from Table 55, 13*9 x 40 = 556 kilos, of steam 
pass through a pipe of 90 mm. bore in one hour. 

If there is no stirrer in the vessel, the probable velocity of the water about 
the heating pipe may be assumed to be 0*020 m. Then we obtain the necessary- 
length of pipe from Table 55, 

^ = 194 X 0*090 = 17*46 m., 
and the heating surface, 

fle=d»Z = 4*92 8q. m. 

The steam valve should be 65 or, better, 80 mm. wide. 

If a stirrer is applied in the heating vessel, and it moves the liquid with a 

velocity of 1 m. over the hot surface, then, with the other conditions the same, 

I 
according to Table 57, the ratio, ^ = 66. Consequently / = 66 x 0*090 = 5*94 m. 

and hence the heating surface, H =^ 1*69 sq. m. It will be observed that a stirrer 
considerably decreases the necessary heating surface. 



STEAM HEATING COILS. 297 

2. A Gontiniwtis Current, in and out, of the Liquid to he heated. 

If the liquid to be heated flows continuously in and out, its 
velocity, v^, over the heating surface is known. Also the entrant 
velocity of the steam into the heating space is known or can be fixed. 
If all the steam introduced into the heating space is not condensed 
there, but a portion passes out, then in the equation for h^ the sum 
of its velocities at entering and leaving is to be inserted. This equation 
is 

K = 750 A^ 4^0-007 + i> 

From the constant diflferenoe in temperature at the entry and 
exit of the liquid, the mean temperature difference, ^,„, is obtained 
from Table 1. 

The quantity of heat to be transferred is 

G = i^-o-X*^ -t^) (219) 

and the heating surface 

The consumption of steam, according to equation (216), is 

D=:^^^%^^ (220) 

640 - ^^^^±^* 

Example. — 20,000 litres of water are to be heated per hour from 10°-60° C. ; 
the water flows past the heating surface with the velocity, Vf = 0-20 m. The 
steam is at 8 atmos. absolute. 

In one hour C = 20,000(60 - 10) = 1,000,000 calories are to be transferred, 

lor which D = — ? — /gn ~ in\ ~ ^^^ kilos, of steam are required. 

The steam is at the temperature, td = 184° G. (130° is used instead). 
The temperature difference at the beginning is 0a = 130° - 10° = 120° ; 
The temperature difference at the end is Be = 130° - 60° = 70° ; 
thus the mean temperature difference is 

70 
(by Table 1, since f^^==^ 0'688) dm = 077 x 120 = 92-4°. 

The steam is to be completely condensed and the velocity at which it enters 
is to be Vrf = 20 m., therefore 

A-. = 750 v^20 \/0-007 + 0-200, 
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consequently the heating surface, 

„ 1,000,000 
^• = 92-4^19-84 -^•*^«^-"^- 
In order to admit 1627 kilos, of steam per hour at a velocity of 20 m., according 
to Table 55, 7 tabes of 50 mm. bore, and with a heating surface of 6*45 sq. m., are 
required. Each tube must therefore be 2 = 5 m. long. 

B. Steam Vessels with Double Bottoms. 

If a liquid is heated, not by steam coils, but in a vessel with a 
double bottom, then neither the velocity of the liquid nor that at 
which the steams enters is known. It is necessary to fall back on 
equation (52) for the heating surface, when there is no stirrer : — 

C 

^' " i4(jotor8ooc ^^^'^ 

If the double-bottomed vessel is provided with a suitable stirrer, 
then the expression for estimating the heating surface is 

^• = 3500^: <222> 

Example. — 2000 litres of water are to be heated from 10° to 100° C. in one hour 
by means of steam at a pressure of 1 atmos. (121° G.) in a double-bottomed vessel. 

According to Table 62, 20 x 9000 = 180,000 calories are required, and the 
temperature difference is 52°. The necessary heating surface, without a stirrer* 
is therefore • 

^' = iSS *° isS?32 = 2-*8 to 1-93 sq. m. (about 2-26 sq. m.). 

If the vessel has a diameter of 1600 mm., then the surface of the double 

bottom is about 8 sq. m., consequently the 2000 litres will, on the average, be 

, . , . 60 X 2-25 ^^ . ^ 
heated m —5- = 45 mmutes. 

o 

If the double vessel is provided with an efficient stirrer, the necessary heating 
surface is 

-^ C 180,000 , ,, 

^' = 8500^ - 3500ir^ = *^"* ' «^- ^- 
The same vessel will then heat the 2000 litres of water in about 20 minutes. 
Thick, syrupy or pasty masses are heated much more slowly. 

C. The Liquid to be Heated Flows Through Tubes around 
which is Steam at Rest. 

Steam is hardly ever completely at rest, but we understand in the 
following pages by steam at rest, steam which moves in a definite 
direction with a lower velocity than 0*5 m. per second. 
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Table 63. 

Copper heating surfaces required to heat per hour 1000 litres of 
water at 10° or 25° to 60°-90° C, moving through tubes with the 
velocity 001-0-4 m., by means of steam at rest at a temperature 
of 80°, 90°, 100°, or 120° C. 
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51 


37-7 


28 


55-5i 41 


82 


76 


64 


56 






i/e = 


11 1 8i 41 

1 


0-90 


2-2 


4-5 


1-2 2-4 

t 


37 


0-83 


1-6 


21 



If the liquid to be heated is passed with the velocity, v^ through 
tubes, whilst the steam moves round the tubes with its slight velocity, 
then the transmission coefficient for copper tubes and thin liquids 
may be taken as 

fc. = 750 5/0-007 +Vf (223) 
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SO that the requisite heating surface is 

TT __, ^ __ /224-\ 

* ^„760V0-007"+i;, ^ ' 

For thick liquids k^ is about 10-15 per cent, lower, H, consequently 
about as much greater. 

For iron tubes k^ is about 15 per cent, lower. 
— The temperature difiPerence is obtained in the ordinary manner, 
by Table 1, from the temperature of the steam, which is generally 
<son8tant, and the initial and final temperatures of the liquid. 

If the hquid is sent simultaneously through a considerable number 
of (vertical) tubes, round which the steam passes, if only at velocities 
of 0*5-1 m. per second, the efficiency of the heating surface is greater, 
and may easily be in this case 1'5 times as great as with steam at 
rest. 

The next, Table 63, gives the temperature differences and requiute 
heating surfaces for a number of cases. The figures given for steam 
at 80° and 90° C. apply also to aqueous alcohol vapour of 86 and 58 
per cent, strength by weight respectively. 

Experimental Example. — 5890 kilos, of wort were heated in one hour from 
31° to 49° C. by aqueous alcohol vapour at rest (velocity about 0*3 m.) at a 
temperature of 79*1° G. The wort was passed with a velocity of 0*205 m. through 
a copper pipe, with a bore of 100 mm. and the heating surface, Ht = 6*9 sq. m. 

The specific heat of the liquor being taken as <r/ = 1, there were to be trans- 
ferred in one hour 

0=^5890(49 - 31) = 106,020 calories. 

The temperature difference at the beginning was a« = 79'1° - 31° = 48'1°. 

The temperature difference at the end was 0^ = 79-1** - 49° = 30*1°. 

6 SO'l 
Then ~ = t^-t = 0*625, accordingly, by Table 1, the mean temperature 

•difference is 

e« = 0*8 X 48*1 = 38*48°. 
The coefficient of transmission is 



k, = 705 ^0-007 + 0*205 = 447*75. 
The calctUated heating surface is therefore 
106,0 20 
^' = 38^48^-4-47-^75 = ^ ^^ "*!■ °^' 
On account of the thickness of the liquid, 10 per cent, is to be added, which 
l^ives 6*15 + 0*615 = 6*8 sq. m., which agrees well with the actual heating surface. 



CHAPTEE XXII. 

THE COOLING OF LIQUIDS. 

There are various different methods for cooling liquids, in most of 
which the liquid is cooled by the consequent heating of the means of 
cooling. Thus the consideration of the cooling of liquids may also 
serve for the operation of heating, for which what is about to be said 
may also be useful . 

Liquids may be artificially cooled by the following methods : — 

A. By the direct introduction of ice. 

B. By the direct addition of cold to hot liquids. 

C. By the evaporation of a portion of the liquid without the 

application of heat. 

D. By flowing over metal surfaces which are in contact with a 

colder liquid (surface or closed coolers). 

E. By flowing free over surfaces which are in contact with the 

colder liquid on the other side, by which means the 
surrounding air takes up a portion of the heat (open 
coolers). 

F. By contact with metal surfaces which are traversed by cold 

air. 

G. By spreading out and dividing the liquid in the open, and 

subjecting it to the action of air in natural or artificial 
motion (as in cooling water). 

These methods of cooling will be dealt with in turn. 

A. The Direct Introduction of Ice. 

This method of cooling is only employed when it is desired to pro- 
duce very low temperatures. The ice employed is generally only a 
few degrees below 0° C, its heat of liquefaction is 79 calories. Having 
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regard to its specific heat (o-e = 0*504) for the 2°-3° through which it 
must be heated before melting, it may be assumed that each kilo, of 
ice in melting to water at 0° C. takes up 80 units of heat. If tf^ and 
tf^ be the temperatures of the liquid before and after cooling, and 
xTf its specific heat, then the amount of heat to be withdrawn is 

C =^ F<rAt,a '- t,.) (226) 

The weight of ice to be used is 

^-^^mrrr ^^^e) 

In order to cool 100 kilos of v;ater from 

10° 9° 8° 7° 6° 5° 4°C. 
To 5° C.Uhere are required] 5-9 48 3-6 24 1-2 — — 
To 2° C. J -E? kilos of ice \9-8 86 7*4 61 49 3-7 2-44 

B. The Direct Addition of Cold to Hot Liquid. 

If F^ kilos, of a cold liquid at the temperature, t^ be added to 
F„ kilos, of a warmer liquid, of the same specific heat, at the tempera- 
ture, t^„t the temperature of the mixture is 

*- ~ F^ + F, (^^^^ 

Example.— F„ = 100 kilos, of water at //^ = 80°, and Ft = 200 kilos, of water 
at tft = 20*', give 

Fit + Fjt = 300 kilos, of water at the temperature 
100 X 80 + 200 X 20 _ ^^o 
^'^ - 100+200 ~ *" • 

C. Cooling Liquids by Evaporation. 

Liquids are best cooled in this manner by bringing them into a 
vacuum. If a space be provided over a hot aqueous liquid, in which 
a lower pressure is maintained than corresponds to steam at the 
temperature of the liquid, the latter is cooled down to that tempera- 
ture, the steam at which corresponds to the pressure over the hquid, 
the heat of the liquid given out in falling from the original tempera- 
ture to the lower being utiHsed in the formation of steam. The 
temperatures of steam (and also of liquid) corresponding to every 
degree of vacuum are to be obtained from Table 9. 
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If the weight of liquid, F^, at the original temperature, t, 
cooled in vacuo to tfi^y then the weight of steam evolved is 



IS 



D = 

640 - ^^-±-^* 

whence we obtain the following small table : — 



(228) 







100 kilos, of aqueous liquid at the original 
temperature, </. = 


Vacuum. 


Tempera- 
ture of 
the cooled 
liquid, 1>». 


100° 


90° 80° 


70° 


60° 








mm. 
234 


"C. 


Evolve the following weights of steam, D, 
cooled to the temperatures, t^,, given 
the second column. 


in being 
in 


90 


1-82 




! 




406 


80 


3-67 


1-82 


— 


— 


— 


626 


70 


5-25 


3-60 


1-75 


— 


— 


611 


60 


700 


5-25 


3-50 


1-75 


— 


668 


60 


8-50 


6-80 


5-10 


3-40 


1-70 


705 


40 


1000 


8-33 


6-66 500 

1 


8-33 



D. Cooling a Hot Liquid by means of a Colder Liquid. 

The cooling of a hot liquid by another colder liquid, or, what is 
the same thing, the heating of a cold liquid by a hot one, may be 
efiPected in two different ways, viz. : — 

1. By sending the two liquids continuously in .opposite directions 
{counter-currents) with the highest possible velocity over the common 
wall of separation. 

In this method the warm liquid falls through straight or bent tubes 
(coils) or channels, whilst the cold liquid rises in the surrounding 
vessel or in a surrounding tube concentric with the first, or rises, 
whilst being warmed, in a channel surrounding the first. 

If we put <T„ for the specific heat of the warm liquid, a^. for that of 
the cold, t^ and t^ for the temperatures of the warm, t^^ and tj^ for 
the temperatures of the cold Uquid, then the quantity of hea^ to be 
transferred is 

G = F^^Jit^ - U = F,<T^t^ - U . (229) 



304 EVAPORATING AND CONDENSING APPARATUS. 

Table 64. 

The transmission coefl&cient, ikj^, between two liquids, the one taking 

or brass diaphragm with the 



^\. ,% = 


0-001 


0-002 


0-004 


0-006 


0-008 


0-01 


0-02 


0-04 


»Viill^\ 


















0001 


119 


122 


128 


130 


132 


136 


144 


155 


0002 


122 


128 


132 


136 


140 


142 


150 


160 


0004 


128 


132 


138 


140 


144 


148 


157 


170 


0006 


130 


136 


140 


145 


150 


153 


162 


173 


0-008 


132 


140 


144 


160 


164 


166 


168 


176 


001 


136 


142 


148 


163 


166 


160 


170 


186 


002 


144 


160 


157 


162 


169 


170 


185 


200 


004 


155 


160 


170 


176 


176 


185 


200 


210 


006 


160 


168 


177 


183 


188 


194 


210 


234 


0-08 


165 


172 


183 


188 


196 


200 


218 


242 


010 


169 


176 


186 


194 


200 


206 


226 


250 


0-20 


180 


188 


200 


208 


214 


224 


246 


274 


0-40 


190 


200 


214 


224 


232 


240 


266 


302 


0-60 


196 


206 


222 


232 


240 


260 


280 


316 


0-80 


200 


212 


226 


238 


246 


256 


285 


328 


100 


204 


214 


230 


240 


252 


259 


294 


336 


1-26 


206 


218 


234 


247 


266 


266 


298 


344 


1-50 


208 


222 


238 


260 


260 


270 


302 


350 


20 


210 


225 


240 


253 


264 


274 


308 


358 



From this equation is also obtained the necessary weight of hot 
liquid, F^ for heating the weight of cold liquid, i^^. 

If 6^ be the mean temperature difference and kj, the coefficient of 
transmission, then the surface required for the cooling is obtained 
from the known equation: — 



H, 



C_ __ F^frjji^ - tj) 



. (230) 



The coefficient of transmission of heat, k^, between two moving 
liquids at different temperatures is found from an equation calculated 
by Molier from Joule's researches (Zeits. d. V. d. Ing., 1897, Nos. & 
and 7) on copper and brass separating walls. The equation, which 
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Table 64. • 

heat from the other, which flow in opposite directions over a copper 
different velocities, v^^ and t^g. 



0-06 


0-08 


0-10 


0-2 


°-'i 


0-6 


0-8 


1-0 


1-25 


1-50 


20 


160 


165 


169 


180 


190 


196 


200 


204 


206 


208 210 


168 


172 


176 


188 


200 


206 


212 


214 


218 


222 , 225 


176 


183 


186 


200 


214 


222 


226 


230 


234 


238 ' 240 


183 


188 


194 


208 


224 


232 


238 


240 


247 


250 1 253 


188 


196 


200 


216 


232 


240 


246 


252 


256 


260 1 264 


194 


200 


206 


224 


240 


250 


256 


259 


266 


270 1 274 


210 


218 


225 


246 


266 


280 


285 


294 


298 


302 308 


234 


242 


250 


274 


302 


316 


328 


336 


344 


350 


368 


250 


256 


267 


296 


324 


344 


356 


362 


377 


380 


392 


256 


270 


276 


312 


344 


362 


376 


392 


400 


408 


420 


267 


276 


289 


328 


362 


384 


400 


408 


425 


440 


443 


296 


312 


328 


370 


416 


454 


464 


486 


500 


512 1 631 1 


324 


344 


362 


416 


476 


530 


640 


570 


688 


606 


636 


344 


362 


384 


454 


630 


570 


606 


624 


660 


680 


709 


356 


376 


400 


464 


540 


606 


644 


666 


700 


724 


782 


362 


392 


408 


486 


670 


624 


666 


700 


736 


762 


810 


377 


400 


425 


600 


588 


660 


700 


735 


768 


800 


850 


380 


408 


440 


512 


606 


680 


724 


762 


800 


833 


888 


392 


420 


443 


531 


636 


709 


782 


810 


850 


888 


947 



neglects the thickness of the diaphragm (of little influence because of 
the thinness and high conductivity of the metal), is 

^* i ^^^-T • • • • (231) 



1 + 6 s/v^ 1 + 6 s/v^ 
in which ry^ and v^ are the velocities of the two liquids. 

In order to allow for the furring of the pipes, which is never 
wanting in practice, we shall take, in estimating the coefficient of 
transmission, A:*, for practical purposes, the expression 

K 1 — i .... (232) 



1 + 6 Jv^ 1 + 6 Vtya 
20 
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The coefficients, kj^j calculated from this equation for velocities of 
0*01-2 m. are collected in Table 64, from which most actual cases 
may be taken. 

The mean temperature difference, B^, is obtained by means of 
Table 1 from the ratio 

The mean difference in temperature for certain special conditions 
may be taken from the later Table 68, in which it is given for open 
surface-coolers. 

When the cooling surface is formed of tubes of circular section it 
can be calculated from the dimensions of the tube, H^ = dirl, and the 
weight of liquid, F^ passing through per hour, may be expressed as 
the product of the section of the tube, the velocity and the specific 
gravity : — 

i^« = ^i^/ 3600 s, 1000 (233) 

The quantity of heat passing through the cooling surface in one 
hour must be equal to that lost in this period by the liquid : — 

d^lk^^ = ^ V/ . 3600 8„ . 1000 . a^(t^ - U • • (234) 
Hence follows the length of the cooling pipe : — 

I = ~ 900,000 V, . s, . (T^(t^ - U • • • (235) 

in which, for water, o- and 5 = 1. 

The desired velocity of flow and diameter of pipe, required to cool 
a definite weight of liquid through a definite range of temperature, 
cannot be arbitrarily chosen, and from them the length of the pipe 
calculated, because in most cases impossibly long pipes would be the 
result. The diameter of the pipe, the velocity and quantity of liquid 
depend one on the other. It requires some practice to select proper 
proportions. 

In order to facilitate the selection, two tables are here given. 

1. Table 66 , which gives the necessary lengths of tube for the 
required inner surface of 0*5-7 sq. ni. in tubes of 10-70 mm. diameter. 

2. Table 66, which shows :— 

(a) The volume of liquid, V^ which flows per hour through pipes 
of 10-30 mm. diameter with velocities from 0-02-0*4 m. (b) The 
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Table 65. 

The length of a cooling pipe of 10-70 mm. diameter, when its internal 
surface is 0*25-7 sq. m. 



Bore of 
pipe. 


In order that a heating or cooling pipe may have an internal 
cooling surface, Ht, in sq. m., of 


0-25 


0-5 


1 


1-5 


2 


2-5 


3 


3-5 


4 


4-5 


5 


1 
5-5 6 


6-6 


7 


it must have the following lengths, 1, in m., with the diameters 
given in the side column. 


mm. 




10 


1 t . 1 ! 
30016-1 32-2 48-3 64-5 80-5 


96-6j-| - 

74-2 84-8 84-8 95-4 106-0 — 








16 


5-30 10-6 '21-2 31-8 42-4 63-0 


— 


— 


— 


20 
25 


400 8-0 |16-9l23-931-8j39-8 
3-20 6-4 !l2-719-l'26-4'31-8 


47-7 55-7 63-6171 -el 79-6;87-6 
38-1 44-5 60-8 57-2, 63-5,69-9 


95-4 
79-2 


108-4 
85-6 


91-9 


30 


2-65! 6-3 ,10-6 15-9;21'2 26-5 


31-8 


37-i:42-4!47-7 

1 1 


63-0 58-3 


63-6| 68-9 


74-2 


36 


2-30J 4-6 1 9113-7ll8-2 22-8 


27-3 


31-936-4|41-0 


46-550-1 


54-6i 59-2 


63-7 


40 


200| 40 1 80,120,160200 


240 


28032-0,360 


40-0440 


48-0 52-0 


56-C 


46 


1-80 3-6 7-lllO-7'l4-217-8 


21-3 


24-9 28-4|82-0 


35-5391 


42-6| 46-2 


49-7 


50 


1-581 315, 6-3|10-012-6il5-9 


18-9 


22-6 25-2,28-9 


31-8,35-5 


37-8' 41-6 


44-1 


55 


1-46| 2-9 1 5-8 


8-7 11-6 14-5 


17-4 


20-328-2261 


290I31-9 


34-8 


37-7 


40-6 


60 


1-35 2-7 6-3 


8-0 10-3 13-3 


15-6 


18-3,20-l|28-0 


26-5 29-2 


31-2 


33-9 


86-2 


65 


1-26 2-6 4-9' 7-4 


9-812-3 


14-7 


17-219-6 22-1 


24-6,270 


29-4, 81-9 


34-8 


70 


1-16 2-8 4-6 6-9 

1 1 


9-2|ll-4 


13-8 


161 18-4 20-7 


22-725-0 


27-6| 29-9 


322 



lengths of tube, I (and thence the cooling surface), required to cool 
the volumes of liquid, F/, given in column 3 (in this case water : a- = 
1, s = 1) from the initial temperature, t^, to the final temperature, 
t^y by means of cooling water at the different initial and final tem- 
peratures, ^jt,. and t^y and of different velocities, ry = 0*02-0-4 m. 

This Table 66 is calculated by means of equation (235). The 
very great number of the possible variations of all cases has permitted 
only a restricted selection of variables. The table shows that, if the 
pipe is not to be too long, the velocity of the liquid to be cooled may 
only be low. Therefore, in the case of a large quantity of liquid, many 
narrow pipes, arranged parallel to one another, must be used in place 
of one long pipe. 

If it is expected that the cooling surface will be very clean, 
the number of tubes found from Table 66, or their length, may be 
diminished by about 25 per cent. 
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Iron tubes must be about 20 per cent, greater in number. In 
cooling thick liquids the same increase is necessary. 

If the specific gravity and specific heat of the liquid to be cooled 
are not equal to unity, but are s and a- respectively, the number of 
tubes is to be multiplied by so-. 

Example. — 2000 litres of water are to be cooled per hour from 80° to 30° C. by 
means of cooling water which becomes heated from 15° to 60° G. The velocity 
of the warm water is 0'02 m., that of the cold water O'Ol m., the cooling pipe is 
to have a diameter of 20 mm. 

According to equation (229) the amount of heat to be transferred is 
C = Fu^^^(t^ - U) = 2000 X 1 X 1(80 - 80) 
= 100,000 calories. 
The volume of cooling water is 

„ C 100,000 ooooii. 

Through a tube of 20 mm. diameter there flow in one hour at V/ = 0*02 m. 

2000 
per second, according to Table 66, 22*6 litres. There must therefore be ^^7^ » 

89 tubes. 

The length of each tube is obtained from equation (235) : 
d 

in which, by equation (232) and Table 64, A-* = 170. 
Now ^— ^ = 1^ = 0-75, therefore, by Table 1, 
e^ = 0-872 X 20 = 17-44°, 

**^"® ^ " 170^x^17 -44 ^^'^^ "" 0-02(80 - 30) = 6-07 m. 

The cooling surface is therefore H =s QQ dl = 86-8 sq. m. 

If 2000 litres of alcohol (86-3 per cent, by weight), for which ir^ == 0*7 and 
a^ = 0*8, are to be cooled under the same conditions of temperature as above, 
then 

C = 100,000 X 0-7 X 0-8 = 66,000 calories. 

therefore F^ = ^^^ = 1244 litres. 

60 — 15 

The number of tube is, as above, 89. 

The length of each tube, I = 6*07 x 0-7 x 0-8 = 3-4 m. 

The cooling surface, H*, is about 19 sq. m. 

Experiment. — HentschePs wort cooler. A hollow spiral (conveyor) of 350 
mm. diameter turns in an open trough of about 360 mm. diskmeter at 40-45 
revolutions per minute, and carries the wort from end to end. The cooling 
water flows in the hollow spiral in the opposite direction to the wort in the 
trough. 
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2800 litres of warm wort were in this way cooled by means of 14 sq. m. of 
cooling surface from 58-8'' to 16-25'' C. in 46 minutes by 2400 litres of cooling 
water, which was heated from 10° to 40'' C. 

Now, Oa = 68-8 - 40 = 18-8° 
e, = 16-25 - 10 = 6-25°, 

Therefore, by Table 1 the mean temperature difference is 
e,n = 0-683 X 18-8 = 10-96°. 
It was observed, in regard to the wort, that 

, 4 X 2800(68-8 - 16-25 ) . . ,..„ 
^'* = 3x14x1096 = *^^"' '^^' 
or in regard to the water : — 

, 4 x 2400(40 - 10) , , ^„- 
^*= 3x14x10-96 -^^^"^^'^- 
The velocity of the wort over the cooling surface is 

0-860. T. 46 ^^, , 

^Vi = — s — T^TT- = 0-41 m. per second. 
* 2 X 60 

The velocity of the water is equally great, but there is to be added to it the 

velocity in the hollow spiral, which is, if the section of the spiral be 0-16 sq. 

dcm. : 

2400 X 4 

"^ = 6 X 60 . 80-15 X 10 = "''»" °"^ »"• P^'^^o^^- 

Thus the water is carried with a velocity of 0-41 + 0*60 = 1-01 m. over the 
diaphragm between water and wort. 

The coefficient of transmission for the water, calculated by equation (232), is 

k^ f^ = 672 (approx.). 



1 + 6\/l01 

This result agrees with the observed coefficient k^ = 626 with sufficient 
accuracy, since the metal surface is always kept clean by the wash of the liquid, 
and the coefficient thus somewhat increased. 

The transmission coefficient for the wort appears to be considerably higher, 
because it is in contact with the air and is thus cooled by evaporation to a con- 
siderable extent, which is the advantage of this method of cooling. 

In refrigerating machines the exchange of heat generally takes 
place at a low temperature ; for this reason, and because the liquids 
used are not always as mobile as water, the coefficient of transmission 
appears to be somewhat lower. H. Lorenz (Zeits. f. d. gesammte 
Kalteindustrie, 1897, Heft 9) found, for liquid carbonic acid which 
was cooled in an iron pipe from 34*58° to 21-61° 0. by means of water 
which became heated from 99° to 21*61° C, A:;^ = 105. In another 
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case, when the liquid carbonic acid was cooled from 1945° to ll'S** C, 
and the cooling water warmed from Q-Q** to llOS**, k^ was 125 (when 
the real mean temperature difiference was used in the calculation). 

2. The second method (discontinuous or periodic) consists in bring- 
ing the whole quantity of liquid to be cooled at once into a vessel 
and allowing the cooling fluid (usually water) to flow round the 
external walls of the vessel, or through pipes or plates, at rest or 
in motion, until the liquid is sufficiently cooled. The operation is 
shortened if the liquid to be cooled is moved artificially at a fair speed 
over the cooling surface or the cooling surface is moved through the 
liquid, since the very small differences of temperature existing at the 
same time in the liquid cause only a slow circulation. The amount 
of heat to be extracted from the weight of liquid, F^ which is cooled 
from t^ to t^, and thus to be taken up by the cooling agent is 

C = F.cr^(C~U (236) 

The cooling surface required for the transfer of this amount of heat is 

='-ik m 7 ■ ■ <^") 

+ 



1 + 6 Jv^ 1 + 6 'Jv^2 
If we assume that a uniform temperature prevails throughout the 
warm liquid at any instant, so that all portions take a regular part in 
the cooling, then the mean temperature difference between the liquid 
and the cooling medium diminishes continuously, the latter being 
heated from its constant initial temperature to a final temperature 
which decreases during the progress of the operation. 

The mean temperature difference at the beginning, ^^, is obtained 
from the greatest and least temperature differences between the warm 
liquid and the cooling medium at the beginning, O^j^ and 0^^ The 
mean temperature difference at the end, $^, is obtained from the 
greatest and least temperature differences at the end, 0„2 and 6^. 

The true mean temperature difference, d„, for the whole operation, 
is obtained from the two mean temperature differences at the begin- 
ning and the end, $,^ and ft„,. 

By means of Table 1, ^ gives the mean temperature difference 
of the beginning : $„„ = a$„^ ; similarly, tt gives the mean tempera- 



DISCONTINUOUS COOLING. 31 & 

Q 

ture dififerenoe at the end : 0^ = pO^^, Finally, ^ gives the tru& 
mean temperature difference : 

6^« = 76/^ = ya^.i (238> 

When the true mean temperature difference, 0^, is found, and also 
the mean temperature, f„, of the warm liquid calculated in the well- 
known simple manner, then by subtraction the mean escape tempera- 
ture of the cooling water is found ; i*. = <« - ^« ; from this the mean 
increase in temperature is obtained : ^em = ^*» - ^*a> aiid thence the 
weight of cooling water requisite to extract the quantity of heat, C : — 

^'r^T^ (239> 

B 6 

If we now arrange that the ratios ^ and ^- are equal, i.e., that 

a s )3, the calculation and explanation are simplified. We shall 
therefore now assume that the ratio of the temperature differences at 
the beginning is equal to the ratio of the temperature differences at. 
the end — a very good and natural condition. 

In order to estimate the necessary cooling surfaces we still require 
to know the velocities of the liqidd arid the cooling watery v^^ and t?^. 
' The former may be taken at about 0*02 m. if there is no stirrer and 
the cooling surfaces are favourably arranged. 

If the cooling vessel be provided with a stirrer it may be arranged 
so as to give the mass a velocity of 1 m. or rather more, but not 
more than 3 m. 

The velocity of the cooling water, when it flows through pipes,, 
may be determined by means of Table 66. It will generally be 
very low. 

Example.— 2000 litres of water are to be cooled in 1 hour from 80° to 20° C^ 
by water at 10° C. which is to be heated at first to 60°. 
The quantity of heat to be transferred is 

C = 2000(80 - 20) = 120,000 calories. 

The mean temperature difference at the beginning is, by Table 1, 

e,„a = 0-676tf„ = 0-575 x 70 = 40-26°. 
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At the end, 

(since — is to be equal to -^ ) 

e,ne = 0-576tf«2 = 0-676 (20 - 10) = 6-76°. 
The true mean temperature difference is therefore 

e,^ = 0-676 X 0-441 X 70 = 17-7*'. 
The mean temperature of the liquid is 

41 = 0-544 X 80 = 48-62*». 

Consequently the mean temperature at which the cooling water leaves is 

tit, = 43-62 - 17-7 = 26-82*'. 

Now «.« = 25-82 - 10 = 16-82«. 
and C = 2000(80 - 20) = 120,000. 
therefore W= 7580 litres. 

If the water flows through the pipe with a velocity of 0-1 m., and if the 
stirrer gives the liquid to be cooled a velocity of 1 m. over the cooling surface, 
then, by Table 64, fr* = 408. 

The requisite cooling surface is therefore 

„ C 120.000 

^* = M. = 408 X 17-7 -^^•^^^•°^- 

Since the velocity in the pipe is to be 0*1 m., the cooling surface may con- 
sist of: — 

1 tube of 160 mm. diameter, 33-4 m. long. 
4 tubes of 80 ,. „ 167 

8 „ 67 „ „ 11-7 

18 „ 40 „ „ 8-4 

The desired data for a few cases are collected in Table 67. 

Experiment. — In the mash-tun of a distillery, with 8*4 sq. m. of cooling 
surface in the shape of brass tubes of 46 mm. bore and 48 mm. external diameter, 
3000 litres of wort were cooled in 106 minutes from 62*6° to 16-25° C, by means 
of 9682 litres of cooling water (91-78 litres per minute) at 10*62^ C, which was 
heated to 60° at the commencement, to 13*4° at the end. 

The average velocity of the water in the cooling pipe was 0-877 m., that of 
the wort over the cooling surface about 0*85 m. per second. (Tub 2800 mm. in 
diameter, stirrer gives 80 revolutions per minute, hence its mean velocity is 1*7 
m. The motion of the liquid moved by the stirrer was assumed to be half as 
ipreat.) The wort lost 3000 (62-5 - 16*25) = 188,750 calories. The water gained 
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Discontinuous (periodic) cooling. Mean temperature difference, $^, 
mean temperature of outflow of cooling water, tj^, the requisite 
quantity of cooling water, W, and cooling surface, Hj,, for 
velocities, of the liquid of 1 m., of the cooling water of 0*1 m., 
in order to cool 100 kilos, of water in one hour. 
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■9632 x 12-1 = 116,647 calories. The differeDce, 138,750 - 116,647 = 22,203 
calories, was lost by radiation and evaporation. 

The mean temperature difference was Bm = 12*03°, hence the observed co- 
efficient of transmission is 

C 116,547 



A:* = 



H^mZk 



8-4 X 12-1 X 



106 
60 



=: 665 calories. 



The calculated coefficient of transmission is : 

200 
^* = ^ =i 



1 + 6%^ l + Q^lvj^ 
200 



= 666 calories. 



1 + 6x^0-877 l + 6\/0-85 
The agreement Is sufficiently good. 
The following table gives the course of the experiment : 



1 


s 


1 

H o 

he 


Temperature differences. 


Rise in temperature 
of water. 


At 
outlet. 

Be 


At 
inlet. 


Observed 
mean. 


Total mean. 


Observed. 


Mean. 



5 
11 
17 
26 
33 
68 
64 
74 
90 
106 


62-5 

66-25 

50 

48-75 

37-5 

81-25 

25 

22-5 

20 

17-5 

16-25 


50 

41-25 

36-26 

31-25 

27-5 

22-6 

20 

18-6 

16-25 

14-4 

13-4 


12-6 

15 

13-75 

12-6 

10 

8-75 

5 

4 

3-76 

3-1 

2-86 


51-9 

45-65 

39-4 

33-15 

26-9 

20-65 

14-4 

11-9 

9-4 

6-9 

5-65 


28 
27 
24-6 
211 
17-4 
13-58 
9-21 
71 
618 
4-9 
4-1 


5 X 27-5 

6 X 25-8 
6 X 22-6 
8 X 19-6 
8 X 16-5 

26 X 11-25 
6 X 8-16 
10 X 6-95 
16 X 5-6 
15 X 4-6 


39-4 

30-65 

25-66 

20-66 

16-9 

11-9 

9-9 

7-9 

6-66 

3-8 

2-8 


6 X 35-2 

6 X 28-16 

6 X 23-16 

8 X 18-77 

8 X 14-4 

25 X 10-9 

6x8-9 

10 X 6-77 

16 X 4-73 

16 X 3-3 


m-.^ 


^-^-^ = 12-r 
105 ^ 



E. Open Surface-coolers. 

Many hot liquids are cooled by allowing them to flow down, 
exposed to the atmosphere, over metallic surfaces, on the other side 
of which passes cold water. This form of apparatus is here called 
the open surface-cooler. Its coohng surfaces consist of straight or 
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bent tubes arranged one above the other; the section of a tube is 
circular, oval or approximately triangular. More rarely plane surfaces, 
vertical or inclined, or vertical tubes, are used. 

The liquid flows down over the cooling surface with various veloci- 
ties, which increase with the smoothness of the surface, the height 
of flow, and with the quantity of liquid which flows in unit time over 
unit length of the apparatus, i.e., with the thickness of the flowing 
layer. The velocity decreases with the inclination of the surfaces to 
the horizon and with the consistency, thickness or viscosity of the 
liquid. 



Water ^^ 




^-^ Water 




Fig. 20. 



Fig. 21. 



Over smooth plane vertical surfaces, the height of which is 

1 2 3 4 m., 

the mean velocity at which 

water flows down is about 0-6-0-7 0-6-0-9 0-8-1-1 0-9-1-3 m. 
The quantity of liquid, which flows down in one hour over 1 m. 
length of the cooling surface, may be greater in larger apparatus than 
in smaller. With an apparatus which can cool in one hour 

100 300 500 800 1000 2000 3000 (or more) Utres, 
there may flow 
over a length 
of 1 m. in 

one hour 125 300 390 420 550 700 800 litres. 

The cooling water enters below and leaves above ; it is desirable 
that it should pass through the cooling tubes with a tolerable velocity, 
which may be about 0*5 mm. in small apparatus, 1*0 m. or more in a 
large apparatus. 
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Table 68. 

The copper or brass cooling surface, H^, in sq. m., and the cooling 
water, W, in litres, for open surface-coolers, required to cool 
F„ = 100 kilos, of aqueous liquid in one hour from t^ = 100°- 
30° C. down to i^ = 30°-3° C, by means of cooling water at 
t^ = 2°-15° C. 









Original temperature of the cooling water, /*«. | 


Vs. 


re of 
ber. 








1 


2° 


5° 




10° 


16° 


© ©^ 


^> fA 








1 




-Al 


P^ 








1 






igin 
re oi 
bee 






Temperature of the cooled liquid, t^. 


o5S 


h:S§ 




















100° 


Ua 




3° 


6° 1 10° 20° 


11° 


15° 


26° 


16° 


20° 30° 

I 


90° 


»,»== 


3-91 


1 1 
3-91 7-24il2-40 


3-91 


7-24 


12-40 


3-91 


7-24 


12-40 






H,= 


2-50 


2-42 r26;0-646 


2-26 


118 


0-604 


2-16 


111 


0-56 






W = 


111 


111 107 1 94-2 


112 


107 


94 


112 


106 


94 




80° 


B„,= 


6-34 


6-34 


10-8817-44 


6-34 10-88 


17-44 


6-34 


10-88 


17-44 






H* = 


155 


1-48 


0-83 0-460 


1-40 


0-78 


0-43 


1-33 


0-74 


0-40 






TF = 


115 


125 


120 107 


128 


122 


108 


130 


123 


108 




60° 


tfm- 


10-56 


10-56 16-96125-60 


10-56 


16-96 


25-60 


10-56 


16-96 


25-60 






H* = 


0-92 


0-90 10-53 0-31 


0-84 


0-50 


0-29 


0-8 


0-48 


0-27 






W = 


168 


171 164 146 


178 


170 


160 


187 


179 


156 


80° 


70° 


flm = 


3-91 


i 
3-91 ' 7-24 12-40 


3-91 7-24 ,12-40 


3-91 7-24 


12-40 






H* = 


1-98 


1-82 1 0-97 0-49 


1-62 


0-8910-45 


1-61 0-83 


0-45 






H^ = 


114 


114 108 93 


116 


109 92 


116 110 


90 




60° 


em = 


6-34 


6-34 


10-8817'44 


6-34 10-88|17-44| 


6-34 10-88 


17-44 






Ht = 


1-22 


la 


0-65, 0-36 


1-09 


0-6010-34 


101 0-56 0-34 






;r = 


133 


129 


121 1 104 


140 


130 1 110 


144 138 110 




40° 


em = 


10-56 


10-56 


16-96 25-60 


10-56ll6-96i25'6(^ 


10-56 16-96 25-60 






H* = 


0-73 


0-70 


0-41 10-35 


0-69 


0-3810-22 


0-eO 0-36 


0-20 






w = 


200 


212 


200 1 171 


230 


217 184 


260 240 


200 


60° 


50° 


em = 


3-91 


3-91 1 7-24 12-40 


3-91 


7-24 12-40 


3-91 


7-24 


12-40 






H* = 


1-46 


1-40 0-70 0-33 


1-73 


0-63 


0-28 


115 


0-56 


0-25 






K''=: 


119 


120 110 , 90 


123 


112 


88 


126 


114 


89 




40° 


»« = 


6-34 


6-34 10-88I17-44 


6-34 


10-88 


17-44 


6-34 


10-88 


17-44 






£r* = 


0-90 


0-84 0-46 0-20 


0-80 


0-42 


0-20 


0-72 


0-87 


0-20 






TV' = 


150 


160 1 143 


90 


163 


150 


117 


180 


160 


120 


60° 


40° 


«m== 


3-91 


3-91 


7-24 


12-40 


8-91 


7-94 


12-40 


3-91 


7-24 


12-40 






H» = 


1-24 


115 


0-56 


0-24 


0-99 


0-48 


0*22 


0-80 


0-42 


017 






jr = 


124 


124 


114 


89 


130 


117 


83 


136 


120 


80 




30° 


»,» = 


6-34 


634 


10-88 17-44 


6-34 


10-88 


17-4^ 


6-34 


10-88 


17-44 






H* = 


0-74 


0-71 


0-87 0-20 


0-61 


0-32 


017 


0-55 


0-28 


012 






Tr = 


170 


178 


160 120 

1 


195 


175 


125 


226 


200 


133 
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Original temperature of the cooling water, tia. 


g:s 








empei 
e liqu; 
ed. 


ure of 
w of 
iter. 




2° 


5° 


10° 


16° 


•rigioal t 
ire of th 
) be cool 


|1| 

I.S8 












Temperature of the cooled liquid, /««. 


o>s^ 


E-i5 § 














1 








_J'«_ 


ha 




8° 


6° 


10° 


20° 


11° 


15° 


26° 


16° 


20° 


30° 


40^ 


30° 


fl,» = 


3-91 


3-91 


7-24 


12-40 


3-91 


7-24 


12-40 


3-91 


7-24 


12-40 






i^* = 


0-90 


0-80 


0-42 


016 


075 


0-35 


012 


0-65 


0-28 


009 






W^ 


132 


136 


120 


80 


145 


125 


76 


160 


133 


66 




20° 


em = 


6-34 


6-34 


10-88 


17-44 


6-84 


10-88 


17-44 


6-84 


10-88 


17-44 






if» = 


0-61 


0-45 


0-28 


012 


045 


0-35 


009 


0-40 


019 


006 






W^ 


200 


227 


200 


133 


290 


260 


160 


480 


400 


200. 


30° 


25° 


»«.= 


2-6 


2-6 


5-0 


9-0 


2-6 


5 


9 


2-5 


6 









H» = 


109 


0-97 


0-40 


012 


077 


0-90 


006 


0-57 


0-2 


— 






Tr = 


118 


120 


140 


50 


180 


100 


33 


140 


100 


— 




20° 


«m = 


3-91 


8-91 


7-24 


12-40 


3-91 


7-24 


12-40 


3-91 


7-24 


— 






H* = 


070 


0-64 


0-28 


009 


0-49 


oa 


005 


0-25 


0-16 


— 






w=^ 


160 


160 


133 


67 


190 


160 


60 


280 


280 


■— ~ 



The cooling action of this apparatus is generally very good, because 
the thin layer of liquid greatly favours the transfer of heat, and 
because the velocity of both liquids — the cooling and the cooled — 
may be greater here than in closed coolers, since the air itself 
takes up heat and by evaporation accelerates the cooUng, and, finally, 
because the surfaces are easily accessible and can therefore always 
be kept clean and active. A small amount of the heat is also lost by 
radiation. 

As a rule, open coolers are placed inside the works, and occa- 
sionally air is blown over the surfaces in order to increase the 
cooling action. The surrounding air rises very slowly over the 
liquid, with small coolers and not very warm Hquids, at a velocity of 
0*2-0*3 m. ; with higher apparatus and warmer liquids, at about 1 m. 
per second. The air is heated approximately in proportion to the 
temperature of the liquid to be cooled, and, in proportion to the 
degree of heating and its original amount of moisture, it takes up water, 
as will be described in treating of cooling water. The liquid loses by 
evaporation 1-3 per cent, of its weight, according to circumstances. 

21 
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There are no reliable experimental figures as to the heating of 
the air and its evaporative effect in this form of cooler ; it is therefore 
necessary to calculate the quantities of heat taken up by the air and 
by the cooling water separately in open surface-coolers. It would 
appear that the heat given up to the air is approximately proportional 
to the mean temperature difference between water and air. 

The hotter is the liquid to be cooled when it reaches the cooler, 
the better the apparatus works, since then a tolerable quantity of 
heat is taken up by evaporation. It is of considerable importance to 
the cooling capacity that the liquid should flow down quietly over the 
whole surface, without splashing. It will be assumed that in this 
case the coefl&cient of transmission, k^ = 1000. The amount of 
moisture in the surrounding air also affects the cooling action. 

Experiments, — 1. An open gurf ace-cooler with a cooling surface of 13*4 sq. m. 
cooled 2600 litres of beer per hour from 70° to 18° G. by means of cooling water at 
10°, which left the apparatus at 38° C. This gives fc» = 800. 

2. A similar apparatus with a surface of 13*5 sq. m. cooled 8500 litres of beer 
per hour from 70° to 18° C. by means of cooling water at 16° C, which flowed 
away at about 40° C. This gives /f* = 1010. 

3. A similar apparatus with a surface of 20 sq. m. (16 tubes of 55 mm. ex- 
ternal diameter and 4200 mm. long == 11-5 sq. m., fed by water at 8*75-25°, |>^tts 
12 tubes of the same size = 8-66 sq. m., fed by ice-water at l°-7*5° 0.) cooled 6000 
litres of beer per hour from 43-7°-6° C. The temperature of the beer at the 
outlet of the ice- water was 14*1° C. This gives for the 11-5 sq. m. fc* = 1000, for 
the 8-66 sq. m. kk = 670. 

As a result of these and other similar experiments not given here, 
we assume that it is permissible, in estimating the necessary cooling- 
surface of open coolers, to take 

K = 1000 (240) 

and thence the surface required to abstract C calories is 

rj 

^» = looos;;:^ ^^*'^ 

This expression is applicable to copper and brass cooling tubes, 
cooled by water, and to thin warm liquids. 

If the original temperature of the liquid is low, say under 16° C, 
we may only take 

;fc* = 700 (242) 

If the cooling surface is of iron, then for warm liquids &* = 800. 
If the liquid to be cooled is somewhat thicker than water, H^ must 
be increased by about 20 per cent. 
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Table 68, which is olear without farther explanation, has been 
compiled in this manner. 

Example. — ^In one hour F^g = 1000 kilos, of an aqueous liquid at f^a = 80° G. 
are to be cooled to ^m = 17°. The cooling water is at 15°, and is to flow away at 
60°C. 

Now, z* == 1, C = F{t^ - U) = 1000(80 - 17) = 68,000 calories. 

The greatest temperature difference is : a« = 80° - 60° = 20°. 

The least temperature difference is : tf « = 17° - 15° = 2°. 

Since^l? = ^ = 01, it follows, from Table 1, that 

e,„ = 0-391 X 20 = 7-8<^^ 
Thus the necessary cooling surface is ^ 

„ C 63,000 . 

^* ^ m;;^. == ioooxw^xi = ® '3: "^-^ 

The requisite weight of cooling water is given by I • 5 X^ 
C = W(ti„ - t^) = Tr(60 - 15), 
or IT = 1400 litres. 

F. Cooling by Contact with Metallic Surfaces which are 
Traversed by Cold Air. 

This method has been sufficiently treated in Chapter XX., B. 2, 
page 283. 

G. Cooling Water by Air. 

In cooUng large quantities of water, the method is generally used 
of exposing the water with the greatest possible surface to air at rest 
or in motion. The water is allowed to stand in shallow tanks with a 
great surface, to flow through a long shallow channel, to flow down 
in sheets over terraces or over vertical or incHned plane walls; it 
also falls in the form of jets and drops down cooling towers or is finely 
divided and sprayed by roses, to sink down as dust. 

The cooling air either moves with its natural velocity, or is 
artificially driven, over the water. In these arrangements it is 
endeavoured to bring the greatest volume of air in direct contact 
with water in the finest possible state of division. 

The cold air has a twofold cooHng action on the warm water ; in 
the first place it acts directly by abstracting heat and itself becoming 
hotter. If the atmospheric air, at its- first contact with the water, 
has the temperature ^^ and leaves it at 1^^, then L kilos, of air take 
from the water in being heated : 

0. « i.0-2375(t,, - U (243) 
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In the second place the air cools the water by causing a portion 
of it to evaporate. The atmospheric air, which is practically never 
saturated with moisture, readily takes up more, especially when it is 
warmed, as by the water in this case. 

In regard to the quantity of water which can be taken up by air, 
and other questions of interest here, more detail will be found in the 
author's work, Dt'ying by Means of Steam and Air (Scott, Greenwood 
& Co., London, 1901), from which the numerical values required 
below are taken. 

If 1 kilo, of air before contact with the water contains d„ kilo, of 
vapour, and on leaving the water, d^ kilo., this 1 kilo, of air has taken 
up during the contact {d^ - dj) kilo, of water vapour. If the mean 
temperature of the water was t^, the number of calories withdrawn 
from the water for the evaporation of the water taken up by 1 kilo, 
of air was 

C. = L{d^-d^){6iO-t^:) (244) 

Thus, in all, L kilos, of air take from the water 

C, = a + C, := L[0'2S75{t,^ - U + {d. - dj (640 - t^)] (245) 
calories. 

If W kilos, of water at the temperature t^ are to be cooled to the 
temperature t^y then there are to be withdrawn for that purpose 
^(C« - ^wb) calories ; the principal equation is therefore 

c, = c, + a = W{t^ - u 

= 2^[0-2375(<,.-U + (^c-^«)(640-U] • (246) 
The temperature of the external air, i^, is very variable, and so 
also is the quantity of moisture in it; the temperature of, and 
moisture in, the air when it leaves are variable, and the temperature 
of the cooling water is different in each case. In order to obtain a 
view of the prevailing conditions and actions in the many different 
and varying cases, Table 69 has been calculated for temperatures of 
the outer air of i^ = - 20° to + 30° C. and of the emergent air of 
i^-5°to40°C. 

For Table 69, the amount of heat required for the evaporation of 
1 kilo, of water was taken at 600 calories, which is perhaps somewhat 
low. It is also assumed that the atmospheric air is completely 
saturated at the prevaiUng temperature, but that it leaves the cooler 
at temperatures from 5° to 40° C. only three-fourths saturated. The 
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values of d^ and d,, which give the amount of water in 1 kilo of air, 
are taken from Tables I. and III. of the above-mentioned work. 

Table 69 gives, in the first lines, the number of units of heat 
taken up from the water by 1 kilo, of air in becoming heated 
[0'2S76{t,^ - ^,«)], and, in the lines 2, the number of calories ab- 
stracted by the same kilo, of air through partial evaporation- of the 
water \(d„ - d^ (600 - t^]- The sum of these two lines would then 
show how many calories are withdrawn in all by 1 kilo of air. 

The lines 3 give the ratio of the absorption of heat through 
heating to that through evaporation. 

The fourth lines give the weight of air, L, required to abstract 
1000 calories from the water. 

Example. — If the air reaches the water at 0° C. and leaves it at 20° C, the 
ratio of the heat withdrawn by heating the air to that by evaporation is, by 
section 6, line 3, 0-627 : 0-473. 

If a total of 1000 calories is to be abstracted, then the air must take for 
heating itself Cn = 1000 x 0*527 = 527 calories, and by evaporation C, = 1000 x 
0-478 = 473 calories. 

Now, by equation (243), 

Ce = I/0-2375(^to - tu,) = L0-2375(20 - 0) = 627 calories, 

and thence the necessary weight of air (Table 69, section 5, line 1) is 

627 
L = j^ = 111 kilos, (approx.). 

[To confirm. These 111 kilos., if the air is quite saturated at 0° and only 
three-fourths saturated at 20° C, can in fact take up for evaporation C, = 1000 x 
0*473 = 473 calories, for, by Table 1 (see Drying by Means of Steam and Air)^ 
the amount of water which can be absorbed by 1 kilo, of air under these con- 
ditions is de - da^ 0-01103 - 0-00387 = 0*00716 kilo., therefore 111 kilos, absorb 
lll(rf, - da) == 0*79476 kilo, of water, for which (on our assumption) C, = 0*79476 
X 600 = 476*8 calories are required.] 

The fifth lines contain the volume , Vt, of the weight of air, 2i, at 
the external temperature, ti^. This volume of air is obtained by 
dividing the weight of air, L, by the weight of 1 cub. m. of dry air at 
the proper temperature (obtained from Table 1, column 8, of Drying 
by Means of Steam and Air). 

In the above example. 111 kilos, of air at 0° C. occupy a space of = 86 

cub. m. 

The sixth lines then give the weight of vapour which is evaporated 
from the water by the calculated weight of air, L, which weight may 
thus be regarded as loss in the cooling apparatus. This is for a total 
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Table 69. 

The heat taken up by 1 kilo, of air in becoming heated, Cc, and by 

evaporation, C,. The fraction of the total absorption of heat due 

C G 

to heating, p — ^r, and to evaporation, p ' p - The requisite 

weight of air, L, and volume, F^, and also the evaporation of 
water for the abstraction of 1000 calories. For temperatures of 
the completely saturated external air of - 20° to + 30° C. and 
temperatures of the outlet of the three-fourths saturated air 
from 5° to 40° C. 



Is 


Temp, 
of the 
atmos. 




Temperature of the air outlet, th. 


a. 9 


















3-^ 


air. 

tla 




5° 


10° 


15** 


20° 


25° 


30° 


86° 


40° 


1 


-20 C 


(tu - tia) 0-2376 = 
(d. - da) (640 - Q = 


5-94 


7-12 


8-30 


9-50 


10-68 


11-78 


12-9 


14-22 


2 


^ o u 


204 


3-006 


4-88 


6-16 


8-4 


11-86 


16-78 


20-68 


8 


Is-' 


By heating 


0-744 


0-704 


0-659 


0-607 


0-662 


0-490 


0-449 


0-407 




^;1-si 


By evaporation 


0-256 


0-296 


0-346 


0-898 


0-488 


0-510 


0-661 


0-693 


4 


».©«• f 


Weight of air, L = 


125 


100 


80 


64 


53 


42 


35 


29 


6 




Volume of air, V^ = 


90 


70 


57-6 


46 


38-2 


80-2 


25-2 


21 


6 


Water evap't'd, kilos. 


0-422 0-501 


0-584 


0-656 


0-747 


0-828 


0-953 


0-995 


1 


-15 


(tu, - tla) 0-2875 = 
(d, - djf (640 - tj) = 


4-75 


5-94 


7125 


8-80 


9-50 


10-68 


11-78 


12-9 


2 




1-80 


2-772 


4-08 


5-93 


8-16 


11-62 


16-48 


20-34 


3 




By heating 


0-725 


0-682 


0-685 


0-583 


0-589 


0-479 


0-482 


0-88S 






By evaporation • - 


0-275 


0'318 


0-865 


0-417 


0-461 


0-621 


0-668 


0-611 


4 




Weight of air, L = 


153 


115 


90 


70 


57 


46 


87 


30 


6 




Volume of air, T ^ = 


112 


84 


65-7 


51-2 


41-7 


33 


27 


22 


6 




Water evap't'd, kilos. 


0-457 


0-521 


0-622 


0-692 


0-780 


0-870 


0-966 


1-019 


1 


-10 


{th - tla) 0-2876 = 


8-57 


4-75 


6-94 


7-125 


8-80 


9-54 


10-68 


11-78 


2 




(d, - da) (640 - tj) = 


1-44 


2-43 


3-80 


4-98 


7-84 


11-27 


16-18 


19-98 


3 




By heating 


0-7000-661 


0-610 


0-572 


0-514 0-458 


0-418!0-370| 






By evaporation 


0-300 


0-339 


0-890 


0-428 


0-4860-542 


0-687 0-680| 


4 




Weight of air, L = 


200 


139 


103 


80 


62 


48 


89 


31 


5 




Volume of air. Via = 


149-5 


104 


76-9 


59-8 


46-3 


35-9 


29-1 


231 


6 




Water evap't'd, kilos. 


0-4840-562 

1 


0-653 


0-745 


0-780 


0-903 


0-9851-084 


1 


-6 


{tie - t,a) 0-2876 = 
{d, - da) (640 - tj) == 


2-375! 3-57 


4-75 


5-94 


7-125 


8-30 


9-50 10-68 


2 




0-96; 1-95 


3-21 


4-51 


7-35 


10-78;i4-65|19-83| 


8 




By heating 


0-718iO-647 


0-590 


0-568 


0-492 


0-435 


0-385 


0-35C 






By evaporation 


0-187 


0-353 


0-410 


0-432 


0-508 


0-566 


0-616 


0-644 


4 




Weight of air, L = 


800 


180 


124 


96 


70 


63 


40 


34 


5 




Volume of air, Via = 


228 


136 


94-3 


73 


58 


40-8 


80-4 


25-8 


6 




Water evap't'd, kilos. 


0-480 


0-581 


0-671 


0-815 


0-813 


0-951 


0-978 


1-106 



COOLING WATER BY AIR. 
Table 69 — (continued). 



327 



n 6 



Temp, 
of the 
atmos. 



Temperature of the air outlet, tui. 



5° 10° 16° 20° 25° 30° 86° 40° 



10 



16 



20 



25 



iti, - tia) 0-2376 = 
\d, - da) (640 - tJi = 
By heating 
By evaporation 
Weight of air, L — 
Volume of air, Via = 
Water evap't'd, kilos. 

(tu - tia) 0-2875 = 
(d. - da) (640 - U) = 
By heating 
By evaporation 
Weight of air, L = 
Volume of air, Vui = 
Water evap't'd, kilos. 

itu - tia) 0-2375 = 
(de - da) (640 - t„) = 
By heating 
By evaporation 
Weight of air, L = 
Volume of air, Vut = 
Water evap't*d, kilos. 

(6e - ^/«) 0-2375 = 
(d, - da) (640 - U) = 
By heating 
By evaporation 
Weight of air, L — 
Volume of air, Vu, = 
Water evap't'd, kilos. 

(tie - </«) 0-2375 = 
K - da) (640 - fj) = 
By heating 
By evaporation 
Weight of air, L = 
Volume of air, V/o = 
Water evap't'd, kilos. 

it,e - tia) 0-2376 = 
id, - da) (640 - t^) = 
By heating 
By evaporation 
Weight of air, L = 
Volume of air, Via = 
Water evap't'd, kilos. 



2-37 3-67 4-75 5-94 713 8-30 9-50 

1-14 2-62 4-26 6-55 996 13-87 18-73 

880 0-675 0-586 0527 0-475 0*418 0374 0336 

|0-473 0-526 0-682 0-626 0664 

111 81 60 45 36-5 

86-5 78 46-7 35 27-6 

0-540 0-680 0-794 0-786 0998 1040 1108 



1-187 

0162 

0- 



746 
581 

0-202 



120 0-325 0-414 

165 

128-5 



284 
221 



1187 2-37 3-57 4-75 694 
0160 1-53 3-30 5-58 8-94 
0-885 0-608 0-518 0-458 0-400 
0-116 0-392 0-482 0-541 06000 
750 252 145 99 67 
600 201 116 80 54 
0180 0-637 0-797 0-745 0998 



7-126 
12-90 
3560 



50 

40 

1-073 



2-37 
1-97 



3-67 4-75 5-94 7*13 

4-25 7-68 11-62 16-44 

854 0-546 0-467 0-382 0340 0-325 

146 0-464 0-648 0618 0660 0-675 

129 80 57 44-4 

104-5 65 46-2 36 

9161-0241-1001-2161 



1-187 
0-21 



720 

683 
0-259 0-759 0- 



186-5 



1-18 
0-12 
0-902 



2-37 
2-4 



3-57 
6-72 



0-4950-3470-328 
0-098 0-506 0-663|0 



766 

685 

0153 



208 
172-6 
0-8320-990 



97 
80-5 



1-187 



2-37 

3-42 

0' 

0- 

172 
146 

0-980 



1-18 
0-18 
0-869 



8-30 
17-70 

'319 
6440-681 

38 
30-5 
1-123 



4-75 
9-72 



6720' 

69 
57-3 
1-118 



5-94 
14-58 
0-290 

710 

49 
40-6 
1-191 



3-57 

7*82 

4090-327 



4-75 

1218 

0-281 

59l|0-678 0-719 

69 

50 

1-192 



90 
76-5 
1-098 



2-376 
408 
0-369 



0-131(0-631 
730 156 
631 136 

0-2191-061 



3-57 
8-98 
0-284 
0-716 
80 
69-S 
1-192 
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Table 69 — (contimied). 





Temp. 

of the 

atmos. 

air. 




Temperature of the air outlet, Z^. 


5° 


10° 1 16° 1 20° 


25° 1 30° 


35° 40° 

1 


1 

2 
3 

4 
5 
6 


80 


{tie - tia) 0-2376 = 
(d, - da) (640 - U) = 

By heating 
By evaporation 
Weight of air, L = 
Volume of air, Via = 
Water evap't'd, kilos. 


— 


1 1 1 1 1 1 1 
1 1 1 1 1 1 1 





— 


— 


1-187 


2-37 
4-66 
0-342 
0-658 
145 
130 
1-098 



abstraction of heat of 1000 calories and on the assumption that the 
external air is completely, and the emergent air three-fourths, satu- 
rated with water vapour. 

It often happens that the external air is not completely and the 
emergent air is more than three-fourths saturated. In that case 1 
kilo, of water absorbs more moisture than is assumed in the table. 
Consequently less air is used for cooling the water and, on the other 
hand, more water is evaporated. In many cases ^^ to ^^ of the 
water to be cooled is removed by the air. 

In using Table 69, it is first necessary to calculate how many 
calories must be withdrawn in one hour from the water to be cooled ; 
the table then gives the weight and volume of the air and the evapor- 
ation of water per 1000 calories. 

The surface of the water, which must be in contact with the air 
in order to produce the desired cooling, is still to be calculated. 

If Ce be the heat to be taken from the water to warm the air, not 
by evaporation, the surface of the water in sq. m., z^ the time of 
cooling in hours, 6^ the mean difference in temperature between 
water and air, kj the coefficient of transmission, v, the velocity in m. 
per sec, with which the air passes over the water, then, by the usual 
principles, 

G, = z,OkA„ (247) 

and the surface requisite for the cooling by means of air is 



= 



zjcfi^ 



(248) 



COOLING WATER BY AIR. 329 

The transmission coefficient for towers, in which drops are 
abundantly formed, is 

A;, = 2 -h 18 x/S;, 
for plane surfaces over which the water flow^s, 

A:, = 2 + 12 V^ (249) 

for water quite at rest a smaller coefficient must be taken, 

A:, = 2 + 10 >/y7 (250) 

The velocity of the air, v,, in the atmosphere is very variable ; it 
may be as high as 40 m., but even when there is no wind it is 
generally about 1*5-2 m., which figures must be employed in calcula- 
tion. In cooling apparatus made after the fashion of a chimney, in 
which the air rises in consequence of being heated, it moves with a 
velocity of about 3 m. When the air is blown by fans through the 
chimney, the velocity may be arbitrarily fixed at 6-12 m. The large 
volumes of air required are rarely moved by artificial means on 
account of the cost. 

The fresh air from fans is naturally made to enter below in order 
to obtain counter-currents of air and water. 

The mean difference in temperature, 0^, is to be determined by 
means of Chapter I., Table 1. 

It may be seen from the third lines of Table 69 that the heat to 
be abstracted by warming the air, in proportion to the whole amount 
to be given up, is least when the air is heated by the water to about 
15° C, on the hypothesis that the atmospheric air enters the apparatus 
<3ompletely saturated and leaves it three-fourths saturated. 

If the external air is cold, the emergent air will also be cool, and 
the temperature difference between air and water will then be large. 
On the other hand, if the external air is warm, it leaves still warmer, 
and the mean temperature difference is then much less. As Table 69 
shows, in the former case the air takes up more heat by being warmed, 
in the latter case more by the formation of vapour. 

The consumption of air is the least when it enters very cold and 
leaves very warm. The necessary water-surface is the least when 
unlimited quantities of air flow over it. If, in a definite case, the air 
is always to receive the same increase in temperature, then, whilst 
the temperatures of the water remain the same, a lower temperature 
of the air necessitates more air and a smaller surface for the water. 
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Air which is originally cold naturally is warmed through a greater 
range of temperature than air originally warm ; thus the consumption 
of air is approximately constant, but the former takes up more heat 
from the same surface. Ceteris paribus, cold air cools better than 
warm air. 

Example, — ^In 2r» = 1 hour, 10,000 kilos, of water are to be cooled from 40° to 
22^0., for which C* = 10,000(40 - 22) = 180,000 calories are to be abstracted. 
The air moves with a velocity of 2 m. — (1) it is originally at 0°, and is warmed 
to 25° G. ; (2) it is at 20°, and is warmed to 85° G. The temperature-difEerencea 
between air and water are : — 

1. Air warmed from 0° to 26°— 

at the top, a<, = 40° - 26° = 15° ; at the bottom, $e = 22° - 0° = 22°. 
The mean difference is, by Table 1 (since ^ = 0*682), 
dm = 0-44 X 22 = 9-68°. 

2. Air warmed from 20° to 85°— 

at the top, «a =^ 40° - 86° = 5°, at the bottom «, = 22° - 20° = 2°. 

The mean difference, by Table 1, (since f = 0*4) is 

0„, = 0-658 X 5 = 3-89°. 

In the first case, from Table 69, 0*475 of the total amount of heat is to be 

withdrawn by heating the air, Ce = 180,000 x 0*476 = 86,500 calories. In the 

second case, C. = 180,000 x 0*327 = 68,860 calories. 

Thus, when cold air enters, the water-surface necessary in a cooling tower i& 

^ 85,000 „^ 

Q = L— =: 800 sq. m. (approx.), 

(2 + 18 \/2)9*68 ^ V FF /» 

and when tcami air enters 

^ 58,860 ^„ , , 

O = r- = 780 sq. m. (approx.). 

(2 + 18 ^2)3*39 ^ V fi- / 

The requisite weight of air is in the first case 

^ = 0-23?^ff-0 ) = "'^ '^"^- (= "'^SO <=""• "»•)• 
in the second case 

^ = 0-237y-20) = ^^'^ ''"°«- <= "■««* ''"''• ■"•)• 
The surface which the toater presents to the air must change as 
frequently and rapidly as possible. For heat penetrates slowly into 
a mass of water at rest (Chapter XX., 8, Table 46), rapidly warming 
the external layers to a slight depth, but then entering the interior 
very slowly, and the laws which govern this action also apply, if the 
expression be permitted, to the penetration of cold into the mass of 
water. The figures given in Table 50 hold good also for the decrease 
in temperature of jets of water which fall from step to step in a 
current of cold air. 

The best cooHng apparatus will thus always be in the form of a 
staging with the greatest possible number of low steps, over which the 
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air passes rapidly, either sideways or drawn upwards by a chimney. 
Mechanical acceleration of the motion of the air will be advantageous 
in but a few rare oases. 

1000 litres of water, which fall through 5 m. in the finest state of 
division, form a surface of about 4-6 sq. m., which is however insuf- 
ficient to cool the water. The remaining surface required must be 
provided in another way, as by surfaces over which the water flows, 
which must be of ample dimensions since they are generally not 
wetted throughout. 

We now give a few examples, collected in Table 70, of open 
stagings (cooling towers) through which air circulates freely. In 
quite open stagings without a chimney the temperature difference is- 
greater, which is an advantage, but then the motion of the air is 
somewhat slower than with a chimney. 

Observed Examples, — By means of a cooling tower, with many steps and a 
natural access of air, 3 x 12 = 86 sq. m. in ground area, 4800 mm. high, and with 
322*5 sq. m. of wooden surface over which the water flowed, 22,800 litres of water 
were cooled in one hour from 50° to 20° C, when the air entered at 2*5° 0. and 
left at the different stages at 8*5°, 14*5°, 20*5° C. From the water were to he 
abstracted 

Ck = 22,800(50 - 20) = 684,000 calories. 
1 kilo, of saturated air at 2*5° contains 0*0046 kilo, of water. 
1 „ „ „ S^*' „ 0-0069 „ 

1 „ „ „ 14*5° „ 00107 „ 

1 „ „ „ 20-5° „ 0*0153 „ 

The mean of the last three numbers is 0*01096 kilo. 

If the air which leaves the staging is only saturated to the extent of 80 per 
cent., then 1 kilo, contains 0"01096 x 0*8 = 0*008768 kilo, of water. 

1 kilo, of air thus taken up by evaporation 0*008768 - 0*0046 = 0*00416 kilo, 
of vapour, which corresponds to 2*496 calories. 

The air is heated on the average from 2*5° to 12*5°, i.e„ through 10° C, con- 
sequently 1 kilo, taken up by being Jieated 10 x 0*2875 = 2*875 calories. 
Thus 1 kilo, of air takes up a total of 2*496 + 2*875 = 4*871 calories. 
Of the total quantity of heat to be abstracted from the water, the air takes 

2*496x684,000 oo.. ..oo , • 
by evaporation, A.ffji = 380,438 calories ; 

by heating, ^'^'^^^^^^^ ^ 293,562 calories. 

The surface of the apparatus over which water flowed was 322*5 sq. m. 
The wetted surface underneath was estimated at - - 60*0 „ 

The surface of the falling drops was about 6 sq. m. per 

1000 litres, i.e.. = 6 x 22*8 = 136*0 „ 

Total - = 618*5 „ 



332 



EVAPORATING AND CONDENSING APPARATUS. 



Table 70. 



Examples of the direct cooling by air 



f from ^wa 
1000 kilos, of water per hour 1 


40 


40 
20 


40 


40 


40 


are to be cooled | 

I to U 


20 
25 


15 
10 


10 
10 
20 
20 


10 


The air enters the cooler at - - - tui 


10 


-10 


And leaves it at ti^ 


86 


25 


80 
10 
6 


6 


The temp, difference is at the top 0« ^ G. 


5 

6 

6 

5 


15 
10 


35 


The temp. diff. is at the bottom - 0. ° C. 


10 


20 


The ratio of the temperature differences J 


10 
15 


6 

io 


10 
20 


30 
35 


Hence the mean temp. diff. by Table 1 $m 


6 
20000 


12-3 


7-24 


14-48 


19-9 


Total calories to be withO ^ 
drawn from the water/ " " " ^* 


20000 


25000 


30000 
16810 


30000 


Of above to warm the air - - - Ce 


7380 


9140 


9560 


21000 


Of above to evaporate the water - - C, 


12620 


10860 


16450 


14190 


9000 


The water loses by evaporation ■ kilos. 


211 
60 


18-1 
26 


26-75 


24 


16 


Necessary surface of the water, in sq. m. 


45 


37-6 


36 


Necessary weight of air at entry, in kilos. L 


8108 


2570 


2000 


3330 


6900 


Necessary volume of air at entry.in cub. m. Vi 


2716 


2086 


1625 


2440 


4400 
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of water in a tine state of division. 



Table 70. 



60 


60 


50 


50 


60 


60 


60 


60 


60 


60 


60 


30 


25 
10 


20 



15 


20 


30 


35 


25 


25 


40 


30 


25 


-10 


5 


10 


20 


10 


10 


10 


15 


35 


25 


20 


16 


20 


26 


35 


20 


30 


25 


25 


16 


25 


30 


35 


30 


26 


16 


30 


30 


35 


15 


5 


16 


20 


25 


15 


20 


16 


16 


15 


30 


36 


6 
15 


16 
25 


20 
30 


25 
35 


15 
30 


20 
25 


16 
15 


15 
30 


15 
30 


30 
35 


16 
36 


9 


19-66 


24-6 


29-75 


21-7 


21-8 


15 


21-7 


21-7 


32-2 


24-1 


20000 


26000 


30000 


35000 


30000 


29000 


16000 


25000 


35000 


20000 


30000 


7380 


11425 


15810 


21850 


15540 


13253 


4905 


12950 


13370 


9140 


12760 


12620 


13675 


14190 


13650 


14460 


15747 


10095 


12050 


21620 


10860 


17260 


21 


22-6 


22 


22-8 


24-1 


26-2 


16-8 


201 


36 


18-1 


28-7 


24 


19 


21 


23 


23 


19-5 


11 


19-5 


20 


11 


17 


3108 


3208 


3330 


3600 


4370 


4300 


1380 


5460 


2810 


2600 


5860 


2716 


2620 


2440 


2700 


3470 


8600 


1190 


4420 


2280 


2100 


4460 
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The mean temperature-difference was 27°, hence the coefficient of transmission 

J. _ _€__ 293,562 _ 
' ~ Oe« ~ 518-5 X 27 "■ 

The weight of air required for cooling is 

i = ^^'|^ = 123.600 kUoe. 

The volume Vi = _ ^'"^ = 100,000 cub. m. (approximately), i.e., 28 cub. m. 
1*^1 

per sec. If the air meets the apparatus obliquely, the velocity would be about 
1*2 m., and the calculated coefficient would be 

fci = 2 + 18 /s/r2 = 22. 

2. A chimney cooler with 18 plates, 1500 by 4800 mm., having a total wetted 
-surface of 259 sq. m., cooled 18,500 litres of water per hour from 89° to 22° G. 
by means of 44,000 cub. m. of air, blown in by a fan (1100 mm. diameter, 300 
revolutions) at 12*5° G. and leaving at 18*8° G. at the top. The air was saturated 
originally to the extent of 67 per cent. 

From the water are to be taken 

C* = 18,500(39 - 22) = 814,500 calories. 

1 kilo, of air at 12*5° contains 0*00926 kilo, of water when completely saturated. 
1 „ „ 12*5° „ 00062042 „ „ 67*5 per cent. „ 

1 „ „ 18-8° „ 0*0140 „ „ completely „ 

Thus, 1 kilo, of air takes up by evaporation^ 

0*014 - 0-0062042 = 0*0078 kilo, of water, which requires 4*68 calories. 

1 kilo, of air absorbs in being heated from 12*5° to 

18-8°, 6-3 X 0-2875 = 1496 .. 



Total 6-176 



Accordingly the air takes up 



by evaporation, * — = 238,307 calories ; 

, - ^. 1-496 X 814,500 „^ ,„„ , . 
by heating, ' — = 76*193 calories. 

The velocity of the air was 3*8 m. per sec, the temperature-difference 14° C., 
consequently the observed coefficient of transmission 

fe,--£-- ''^'^^ -23-8 

The calculated coefficient of transmission is 

k =2 + 12 s^ = 24. 
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H. Cooling Air by Water. 

Atmospheric air always contaiiis more or less moisture in the 
form of vapour. The maximum amount of vapour in 1 cub. m. of 
«ir is equal to the weight of 1 cub. m. of saturated vapour at the 
temperature of the air. If air which contains much moisture is 
considerably cooled, it generally reaches a condition in which it can 
contain only a smaller weight of vapour, and consequently the excess 
of vapour must separate, i,e., be condensed.^ 

Thus, if a certain volume of air is to be artificially cooled in a 
oertain time, it is necessary to take from it as much heat as is 
required : 

1. To cool the dry air itself. 

2. To condense the vapour which must be separated. 
Let L = weight of air to be cooled, 

(Ti = its specific heat = 0-2375, 

tf^ = its temperature before cooling (at the beginning), 
tt„= ,, after „ (at the end), 

d„ = the weight of vapour in 1 kilo, of air before cooHng, 
de = n ,» ,f „ after „ 

c = the total heat of 1 kilo, of vapour. 

Then in order to cool the air from ^^ to ^^ it is necessary to abstract 
the following amount of heat : — 

C = La,{t^ - y + L{d„ - d,) (c - Q. 

In atmospheric air there is rarely more than 95 per cent, of the 
maximum quantity of vapour possible, generally there is considerably 
less. Even when moist air is strongly cooled, so that it deposits 
water, it does not remain saturated with vapour. 

If we assume that the atmospheric air is saturated to the extent 
of 80 per cent., and also that its degree of saturation is 80 per cent, 
after cooling through a certain range of temperature, then the above 
equation gives, for cooling 100 cub. m. of air, the quantities of heat 
which are arranged in the table on the next page. 



^ See Hausbrand, Drying by Means of Steam and Air (Scott, Greenwood & Co., 
Jjondon), for amount of vapour in air at different temperatures. 
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s 

.2 

•s 


fl-3 

11 

•g, 

kilo. 




Original temperature of the air, ti„. 1 


30° 


25° 20° 

1 


15° 


10° 1 


Weight of 1 cub. m. of this air, in 
kilos., when saturated with mois- 
ture to the extent of 80 per cent. 


1-1412: 11630 


1-1881 ,1-2164 


1-2408| 


Weigh 


Lt of the moisture, c2„, in kilos, 
in 1 cub. m. of this air. 

0-01849|0011123| 0-01041 0-0076 


00244 


Number of calories necessary to cool 
100 cub. m. of this air. 


26° 
20° 
15° 
10° 
6° 


0-01849 

0-011123 

0-01041 

0-0076 

0-0066 


Gals, for cooling the air 
„ „ condensing vapour 

Total 

Gals, for cooling the air 
,, „ condensing vapour 

Total 

Gals, for cooling the air 
„ „ condensing vapour 

Total 

Gals, for cooling the air 
„ „ condensing vapour 

Total 

Gals, for cooling the air 
„ „ condensing vapour 

Total 


133 
373 

506 

266 
824 

1089 

398 
875 


— 


— 


— 


— 


136 
456 


— 


— 


— 


592 

272 
505 


145 
45 


— 


: 


1273 

530 
1060 


777 

407 
686 


IfiO 

279 
223 


143 
177 


146 
130 

276 


1590 

663 
1198 


1093 

544 
821 


502 

420 
354 


320 

286 
308 


1861 


1366 


774 


594 



The necessary quantity of cooling water depends on its initial and 
final temperatures, t^ and t,, it is 

^ = 77^. (2^i> 

The cooling surface, for the cooling of definite qnantities of air, ia 
obtained from the ordinary equation : 



H.= 



kfim 



(252) 
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Table 71. 
The temperature difference, 0„, consumption of cooling water, W, and 
the necessary surface, H^, of water in rapid motion, in order to 
cool hourly 100 cub. m. of air, which flows with the velocity, 
V, = 1 m., from 30°-10° C. down to 25°-5° C. 



li 

tie 


If 
.|| 

■fl o 

M O 
ta. 


Mean temp. diff. - 9^ 

Consumption of cool- 
ing water • • - W 

Cooling surface - - Hjt 

For Vi = 1 and metal walls. 


Initial temp, of the air, tia. 


P 


0° 


25° 20° 


15° 


10° 


inal temp, of the cooling water, t,. 


20° 


16° 


16° 


16° 


12° 


12° 


10° 


6° 


25° 

16° 
10° 

6° 


15° 
10° 

16° 
10° 

10° 
6° 

2° 

2° 


W 

w 

W 
H, 

W 

Hk 

em 
w 

0m 

w 
w 

Bm 

w 


7-24 
101 
3-50 
12-3 
61 
207 

7-24 
218 
7-56 
10 
109 
543 

7-24 
127 
880 
7-24 
107 
110 

8-97 
89 
8-90 
6-83 
104 
160 


15 
101 
170 

12-8 
218 
440 

8-4 
266 
7-6 
8-4 
169 

9-5 

11-3 
123 
71 
7-6 
143 
12-6 


10 
119 
2-96 

7-24 
166 

5-40 

7-24 
109 

760 

8-97 
91 
610 
6-1 
105 
11-2 


6 
87 

1-90 
6 
60 

502 

6-4 
40 
395 
3-9 
60 
100 


6-4 
93 

1-50 
6-4 
72 

400 

8 

60 

314 

3-8 

78 

11-9 


3-9 

46 

410 

6-2 
32 

307 
8 
60 

100 


5 

82 
3-20 

6-4 
40 
2-50 
3-9 
76 
800 


3-9 

92 

3-20 



If the velocity of the air is greater than 1 m. per sec, viz.t 

l|2|3|4|6|6m. 
the surfaces of direct contact with the rapidly moving cooling water, Hti required 
to cool 100 cub. m. per hour, are obtained by multiplying the figures in the above 
Table by 1 1 0-73 i 0-60 1 0-53 1 0-48 1 0-44 

If the air flows past a cooled metallic surface, its necessary superficies is ob> 

tained by multiplying the above surfaces Ht, by 

1-66 1 1-06 1 1-04 1 0-90 1 0-82 1 0-76 

22 
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The coefficient of trcmsmission of heat^ kj, in this equation may be 
assumed to be : 

1. When the cooling surfaces are metallic walls, 

k^=^2 + 10 y/vl (253) 

2. When the cooling surface consists of moving and rapidly 
changing surfaces of water, jets or drops. 

k,==2 + lS Jv, (264) 

The mean temperature difference is obtained from the initial and 
final differences in temperature between air and cooling water, and 
must be calculated in the usual manner for each case by means of 
Chapter I., Table 1. 



CHAPTER XXIII. 

THE VOLUMES TO BE EXHAUSTED FROM CONDENSERS BY THE 

AIR-PUMPS. 

A. General. 

In this chapter we proceed to determine the volume of gas and 
vapour which the air-pump must exhaust from any condenser, 
whence the dimensions of the pump are obtained. 

The air and incondensible gases which obtain admittance to the 
condenser are derived from : 

1. The liquid to be evaporated. 

2. The injected cooling water. 

3. Leaks in the apparatus and pipes, which are rarely entirely 
absent. 

The volume of air, introduced into the condenser by each of these 
sources separately, is seldom to be ascertained in any particular case. 
It is therefore necessary to be content with an approximate estimate 
of the total quantity of air introduced in all three ways and after- 
wards to be removed. It is usual to express this total quantity of 
air as a fraction of the injected water. Although there are certain 
connections between the quantity of the cooling water and that of the 
air to be exhausted, yet the latter is certainly not directly proportional 
to the quantity of cooling water. If we however assume such a 
proportionality, as is the custom, it is done because only in this 
manner is a basis for our considerations to be found. It will of 
course be permissible to modify or specialise for particular conditions 
the assumptions here made. 

In view of the large volumes of gas which cold water can contain 
(97 volumes per cent, of carbonic acid at IT C, 16,200 per cent, of 
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sulphurous acid at 14° C, 326 per cent, of sulphuretted hydrogen at 
14*6'', 73,700 per cent, of ammonia at 14'14) it is necessary to assume 
that the injected water used for condensation may frequently contain 
considerable quantities of gases. 

On the other hand, it is usual to assume (after Bunsen, Gaso- 
metrische Methoden, 1857) that rain water and most spring waters 
contain about 25 volumes per cent, of atmospheric air. Springs are 
known the water of which contains 12 volumes of gas per cent. 

The liquids to be evaporated also contain very variable, and often 
considerable, quantities of gases, especially ammonia. In this case 
also 2'5 per cent, may be taken as the average. 

Finally, the leakages in the apparatus and pipes are to be con- 
sidered. We assume that the quantity of air entering through 
faulty joints, cracked glasses and defective metallic connections, is 
equal to 10 volumes per cent, of the cooling water employed. 

Thus the air introduced into the condenser is 2*5 + 2*5 + 10 = 15 
volumes per cent, of the cooling water. For safety, and in order to 
allow for the possible presence of other gases than air in the cooling 
water, this number will be still further increased. We shall assume 
that incondensible gases to the extent of about 20 volumes per cent, 
of the cooling water are carried into the condenser, i.e., that for every 
1000 litres of cooling water 200 litres of air (and other gases) enter 
the condenser. 

Now 1 cub. m. of air under atmospheric pressure at 0° C. weighs 
1-294 kilo, and at 15° C. 1-2266 kilo., thus 200 htres of air weigh 
about 0-25 kilo. ; therefore we shall take as the basis of the following 
calculation the assumption that, for every 1000 litres of cooling water, 
0*25 kilo, of air is introduced into the condenser and must be pumped 
out. 

From equation (176), W = -7 r-^, and Table 41, we know the 

^0 " K 

quantity of cooling water required in each case ; therefore we can at 
once find, on the basis of the above somewhat arbitrary but suf- 
ficient assumption, the weight of air to be exhausted from the 
condenser. 

The so-called wet and dry air-pumps must now be considered 
separately. 
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B. The Volume of Air to be exhausted from Wet Jet- 
Condensers. 

By a ** wet " air-pump is understood a pump which, together with 
the air, takes in the whole of the water from the condenser and 
forces it away. 

The air to be removed from the condenser is invariably mixed 
with vapour at the same temperature as the air. The common tem- 
perature of the air and vapour depends on that of the water with 
which they were last in contact. In wet condensers the mixture of 
air and vapour remains together with the quite warm water to be 
drawn off (formed from the injected water and the condensed steam), 
and goes with it into the pump. It has therefore almost the same 
temperature as the water. In counter- current condensers the air is 
last in contact with cold injected water, which has just entered, and 
thus is cold when it reaches the air-pump. 

A wet condenser can be so arranged that the air-pump exhausts 
the warm water from the bottom and the air, which is then cold, 
because it was last in contact with the injected water, at the top. 
The cold air, however, then enters the pump along with the warm 
water, and is rapidly heated by it and the vapours rising from it, 
since its weight is small in proportion to that of the water. The 
final condition between air and vapour is thus also in this case quite 
similar to the ordinary condition in which air and water are taken 
oif together, although not quite the same. The vapour, which is 
mixed with the air, has always the temperature of the waste water 
in wet condensers, consequently the pressure it exerts is the greater 
the warmer the water which flows away. The pressure of the air 
(and thus its weight per cub. m.), which, together with the pressure 
of the vapour, gives the total pressure, is the greater the colder the 
water exhausted by the pump. 

The volume of the air depends on its pressure (which is only a 
portion of the total pressure in the condenser) and its temperature ; 
it may be calculated as was done in Chapter XX., 9, and in Table 47. 

Let W = the weight of injected water. 

L = the weight of air in the water. On our assumption 

I,= Tr^^kilos (266) 

1000 ^ ' 
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Yin = the volume of air in cub. m., which is to be exhausted 

from the wet condenser, F« from the dry condenser, 

and Vjo from the surface condenser. 
ai = the volume of 1 kilo, of air in cub. m. 
yi = the weight of 1 cub. m. of air in kilos. 
p » the pressure of the atmosphere in kilos, per sq. m. = 

10,336 kilos. 
t^ s the temperature of the waste water, 
a = the coefficient of expansion of air = 0*003666. 
b =s the pressure of the air in the condenser in mm. of 

mercury. 

T = the absolute temperature, T = i + *. = 273 + t,. 

a 

By the laws of Mariotte and Gay Lussac ?^ = i?, a constant, 

which for air is 29*27. 

Thus 1 kilo, of air has the volume 

a, - ?Z?-±l'29-27 (256) 

and L kilos, of air have the volume 

^^^Z>(273 + g^Q.^y ^257) 

For a pressure, which is -— of the atmospheric when measured 

in mm. of mercury, the volume of the L kilos, of air is 

7.. = ^:(273 + 029-27Z^ ^^ 

p 

or, inserting the numerical values, 

y WD'25(273 + 029*27 x 760 ^ n./^Qft,^ '^(273 + Q .^RQ^ 

In the case of every evaporator the weight of steam passed into 
the condenser, which is equal to the weight of water to be evaporated, 
is given. The weight of the injected water, TT, then follows by means 
of equation (176) and Table 41, if its initial and final temperatures 
are known. Both these temperatures may be given under certain 
circumstances, but under others they must be assumed after examin- 
ing the case. From the weight of the injected water there follows, on 
our hypothesis, the weight of the air introduced into the condenser. 
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The yacuuiD, or, what is the same thing, the absolute pressure in 
the condenser, can generally be fixed as desired. It will naturally 
be endeavoured to reach the highest possible vacuum, i.e., the lowest 
possible pressure. 

The volume of air to be exhausted is obtained at once, from its 
known weight and the vacuum decided upon, by equation (200) and 
Table 47. 

Example. — Water at ta ^ 10^ G. is at disposal to condense 100 kilos, of steam ; 
it is to flow away at U = 40** C. The vacuum ia to be 680 mm., i.e., the absolute 
pressure is to be 760 - 680 == 80 nmi. By Chapter XX., Table 41, the injected 
water is then W = 1960 kilos.; the tension of the vapour is 54*9 mm. at 40° C, 
and since the total pressure is 80 mm., the pressure of the air, 6 = 80 - 54*9 = 25'1 
mm. • All the necessary figures for calculating out the equations are now given. 

The weight of the air 1/ = — = 0*484 kilo. 

The volume of 1 kilo, of air at 40° C. and 25*1 mm. pressure is, by Table 47, 
ai = 27,020 litres. Consequently the volume of 0-484 kilo, of air is (for 100 kilos, 
of steam) 

y,„ = Laj = 0*484 x 27,020 = 13,070 litres. 
The wet air-pump has therefore to remove, in the condensation of 100 kilos, of 
steam, 1960 kilos, of water + 100 kilos, from steam and 18,070 litres of air, in all 
15,180 litres. 

In Table 72 are given the quantities of injected water and the 
volumes of air, which must be exhausted by wet air-pumps, for 
vacua of 600-740 mm., for initial temperatures of the cooling water 
of t^ = S'^-SS^C, and final temperatures of t, = 10**-50°C. 

If the injected water and the liquid to be evaporated con- 
tain more or less air and gases, and the apparatus is more or less 
air-tight than we have assumed, the volume of air given in Table 
72 must be increased or diminished in proportion to the altered cir- 
cumstances. The figures in the table are determined for actual use, 
and for most cases are to be regarded as abundant. But if the water 
employed contains, e.g., not 20 percent, (by volume), but 15 per cent, 
of gases, the volume of air to be exhausted is ^ of that given in Table 72. 

Table 72 not only gives the actual quantities of water and air to be 
exhausted, it also shows that for any determined vacuAim and amy 
temperature of the injected water there is a definite most favourable 
temperature for the waste water, at which the volume of air to be 
exhausted is least. The reason for this is, that the higher the tem- 
perature of the waate water the less water is required, and consequently 
the less air is introduced into the condenser ; but the warmer the waste 
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Table 72. 

The cooling water required, and the volume of air to be exhausted, in 
litres, for the evaporation of 100 kilos, of water at vacua of 
600-740 mm., with the cooling water at initial temperatures of 
ta = 5°-30° C, and at final temperatures of t, = 10°-50° C, for 
wet jet-ccmdensers. 
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Steam. 


Cooling water. 


Air. 


1 


5 

1 
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1 


-1 


2 

1 
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9 


•a 
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i 

s 
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mm. 


mm. 
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C. 


ta. 


u. 
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mm. 
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Litres. 


600 


160 


61-6 


625 


6 


10 


12300 


150-8 


3-075 


12484 
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15 


6100 


147-3 


1-526 


6461 














}) 


20 


4033 


142-61 


1-008 


4496 














ft 


25 
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136-45 
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30 


2380 
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35 
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0-492 
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45 
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50 
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3284 














10 


15 
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25 
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tt 


30 


2976 


128-45 


0-744 


3789 














>» 


35 


2360 


118-17 
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3328 














II 


40 
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105-1 


0-488 


3137* 














II 


45 


1686 


88-61 


0-422 


3624 














II 


50 


1438 


68-02 


0-360 


3696 














15 


20 


12100 


142-61 


3-033 


13627 














II 


25 


6000 


136-45 


1-500 


7081 














II 


30 


3966 


128-46 


0-992 


5051 














II 


35 


2950 


118-17 


0-738 


4162 














II 


40 


2340 


106-1 


0-586 


3844 














II 


45 


1933 


88-61 


0-483 


3743* 














II 


50 


1643 


68-02 


0-411 


4952 














20 


25 


12000 


136-45 


3000 


14163 














II 


30 


5960 


128-45 


1-488 


7687 














II 


35 


3933 


118-17 


0-983 


6543 














■ II 


40 


2926 


105-1 


0-732 


4706 
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^. 
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600 


160 


61-5 


625 


20 


45 


2320 


88-61 


0-680 


4495* 










)y 


60 


1917 


6802 


0-479 


4924 










26 


30 


11900 


128-45 


2-975 


15165 










>f 


35 


5900 


11817 


1-475 


8319 










If 


40 


3900 


1061 


0-975 


6274 










»} 


45 


2900 


88-61 


0-725 


6061 
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50 
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6802 
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30 


36 
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11817 
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16638 










yy 


40 


5860 
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1-463 


9414 










If 


46 


3866 


88-61 


0-967 
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tt 


50 


2875 


68-02 


0-719 


7389* 










36 


40 


11700 


1051 


2-925 


18892 










If 


45 


5800 


88-61 


1-450 


12122* 
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140 


58-5 


624 


6 


10 


12280 


130-8 


3-070 


14346 










tt 


16 


6090 


127-3 


1-622 


7314 










} 1 


20 


4026 


122-61 


1006 


6191 










f I 


26 


29950 


116-45 


0-749 


4143 










)» 


30 


2376 


108-45 


0-594 


3688 










)l 


36 


1963 


9817 


0-491 


3331 










tf 


40 


1669 


86-1 


0-417 


3312* 










ti 


46 


1448 


68-61 


0-362 


3594 










tt 


50 


1276 


48-02 


0-319 


4646 










10 


15 


12180 


127-3 


3-045 


14634 










It 


20 


6040 


122-61 


1-510 


7792 










tt 


26 


3993 


116-46 


0-998 


6620 










tt 


30 


2970 


108-45 


0-743 


4485 










tt 


36 


2356 


98-17 


0-589 


3996 










tt 


40 


1947 


^5-1 


0-487 


3868* 










tt 


46 


1683 


68-61 


0-421 


4180 








'* 


tt 


60 


1435 


48-02 


0-369 


5227 










16 


20 


12080 


122-61 


3020 


16668 










tt 


26 


6990 


116-46 


1-498 


8291 










tt 


30 


3960 


108-46 


0-990 


5980 










tt 


35 


2946 


98-17 


0-736 


5063 










tt 


40 


2336 


85-1 


0-684 


4638* 


n 








t* 


46 


1930 


68-61 


0-483 


4834 
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Table 72 — (continv^d). 
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^ 
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^ 
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c. 
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15 


50 


1640 


48-02 
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>l 








20 


26 


11980 


116-46 


2-995 


16565 


1) 










30 


5940 


108-45 


1-485 
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»> 










36 


3927 


98-17 


0-982 
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>y 










40 


2920 


86-1 
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>» 










46 


2316 


68-61 
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5802 


>» 










60 
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48-02 


0-478 
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»> 








25 


30 
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»» 










35 


5890 
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>» 










40 


3893 
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45 
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0-724 
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»> 








, 


60 
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30 


36 
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40 
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46 
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50 


2870 


48-02 
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»> 








35 


40 
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45 
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14377* 
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65 
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10 
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>» 










15 
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20 
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>l 










25 
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96-45 
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ff 










30 
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88-45 


0-693 
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>> 










35 
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78-17 


0-490 
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f» 










40 


1666 
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0-417 
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45 
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48-61 


0-361 
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»> 










60 
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28-02 


0-318 
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16 
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20 
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25 
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96-46 


0-998 
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1* 










30 
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88-46 
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0-588 
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it 










40 
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t9 










46 
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48-61 


0-420 
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»» 










60 


1433 


28-02 


0-358 
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>» 








16 


20 


12060 


102-61 


3-015 


18618 
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55 
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16 


25 
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30 


3963 
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7316 












36 


2940 


78-17 
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40 


2332 
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45 
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48-61 
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50 
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25 
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ft 


30 


5930 


88-45 


1-482 
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Table 72 — (continued). 
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1) 


40 


1940 


451 


0-485 


7265 










II 


45 


1677 


28-61 


0-419 


10118 












50 


1430 


8-02 


0-358 


31791 










15 


20 


12040 


82-61 


3-010 


22966 










u 


25 


6970 


76-45 


1-493 


12578 










II 


30 


3946 


68-45 


0-987 


9462 












35 


2935 


58-17 


0-734 


8403* 










II 


40 


2328 


45-1 


0-582 


8718 










II 


45 


1923 


28-61 


0-481 


11611 










II 


60 


1634 


8-02 


0-409 


36565 










20 


25 


11940 


76-46 


2-985 


25164 










II 


30 


5920 


68-45 


1-480 


14181 










II 


35 


3913 


68-17 


0-978 


11098 










II 


40 


2910 


46-1 


0-728 


11020* 










II 


45 


2308 


28-61 


0-577 


13716 












50 


1907 


8-02 


0-477 


42687 










25 


30 


11840 


68-45 


2960 


28364 










„ 


36 


6870 


58-17 


1-468 


16803 










II 


40 


3880 


46-1 


0-970 


14331* 










II 


45 


2886 


28-61 


0-721 


17219 










II 


60 


2288 


8-02 


0-572 


61188 










30 


35 


11740 


5817 


2-935 


33306 










II 


40 


5820 


46-1 


1-466 


21796* 










II 


45 


3847 


28-61 


0-962 


23232 












60 


2860 


8-02 


0-715 


63966 










35 


40 


11640 


45-1 


2-910 


43592 












45 


6770 


28-61 


1-443 


34836* 


680 


80 


48 


621 


6 


10 


12220 


70-8 


3-073 


24759 










II 


15 


6060 


67-3 


1-515 


14053 










If 


20 


4006 


62-61 


1-001 


10150 












25 


2980 


56-45 


0-745 


8608 










II 


30 


2364 


48-46 


0-591 


6961* 










II 


35 


1453 


38-17 


0-488 


8635 












40 


1660 


26-1 


0-415 


11176 










»» 


45 


1440 


8-61 


0-360 


29636 
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s 

1 


03 

1 

< 


Stoam. 


Cooling 


water. 


Air. 


S 

a 


1 


2 

a 

la 


2 
1 




i 


1 


1 


mm. 


mm. 


"C. 1 c. 


ta. 


t.. 


kilos. 


mm. 


kiloe. 


Litres. 


680 


80 


48 


621 


5 


60 


1269 














It 


10 


15 


12120 


67-3 


3-030 


28106 








tt 


tt 


20 


6010 


62-61 


1-502 


16230 








ti 


tt 


26 


3970 


56-45 


0-993 


11334 








9t 


tt 


30 


2956 


48-45 


0-739 


9952* 








tt 


36 


2344 


3817 


0-586 


10249 








tt 


40 


1937 


26-1 


0-484 


13070 








It 


46 


1674 


,8-61 


0-419 


44492 








15 


20 


12020 


62-61 


3005 


30601 






! 


It 


25 


5960 


66-46 


1-490 


17016 






' 


II 


30 


3940 


48-45 


0-985 


13337 








II 


It 


35 


2930 


38-17 


0-732 


12600* 








ft 


It 


40 


2324 


26-1 


0-581 


16646 








ti 


It 


46 


1920 


8-61 


0-480 


39513 








It 


20 


25 


11920 


56-46 


2-980 


34034 








yi 


30 


6910 


48-45 


1-478 


19909 








tt 


35 


3903 


3817 


0-976 


17070* 






f jj 


tt 


40 


2905 


25-1 


0-726 


19602 






>» ^ f) 


It 


45 


2304 


8-61 


0-576 


47992 






1 


25 


30 


11820 


48-46 


2-960 


39804 








tt 


35 


5860 


38-17 


1-465 


26623* 








It 


It 


40 


3877 


26-1 


0-969 


26102 








It 


It 


46 


2880 


8-61 


0-720 


59270 








It 


30 


35 


11720 


38-17 


2-930 


51246 








tt 


ti 


40 


6810 


25-1 


1-463 


39116* 








It 


tt 


46 


3840 


8-61 


0-996 


79027 








It 


35 


40 


11620 


25-1 


2-906 


78234* 








tt 


It 


46 


5760 


8-61 


1-440 


118641 


700 


60 


u 


619 


6 


10 


12180 


50-8 


3-046 


36723 








tt 


tt 


15 


6040 


47-3 


1-510 


17818 








it 


tt 


20 


3993 


42-61 


0-998 


14870 








tt 


tt 


26 


2970 


36-46 


0-743 


13166* 








tt 


tt 


30 


2366 


28-46 


0-689 


13641 








tt 


tt 


36 


1947 


18-17 


0-487 


17946 








It 


tt 


40 


1654 


5-1 


0-414 


61936 








ft 


10 


15 


12080 


47-3 


3-020 


37616 
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Table 72 — (contimied). 



a 

1 


2 

1 
< 


Steam. 


Co 

J 

•IS 


oling' 


irater. 


Air. 


1 


1 


e 

2 
S2 




2 

s 


1 


1 


mm. 


mm. 


"0. 


C. 


<„. 


<.. 


kilos. 


mm. 


kilos. 


Litres. 


700 


60 


44 


619 


10 


20 


5990 


42-61 


1-498 


22320 










1} 


25 


3960 


36-45 


0-990 


17643 










it 


30 


2945 


28-45 


0-736 


17046* 










tt 


35 


2336 


18-17 


0-584 


21520 










}i 


40 


1930 


5-1 


0-483 


60620 










15 


20 


11980 


42-61 


2-995 


44495 










}l 


25 


5940 


36-46 


1-486 


26314 










If 


30 


3927 


28-46 


0-982 


22743* 










f} 


35 


2920 


18-17 


0-730 


27600 










tt 


40 


2316 


5-1 


0-579 


77169 










20 


25 


11880 


36-45 


2-970 


62628 










»} 


30 


5890 


28-45 


1-473 


34115* 










it 


35 


3893 


18-17 


0-976 


36966 










tt 


40 


2895 


5-1 


0-724 


90826 










25 


30 


11780 


28-46 


2-946 


68204 










II 


35 


5840 


1817 


1-460 


53801* 










11 


40 


3860 


6-1 


0-965 


121059 










30 


35 


11680 


18-17 


2-920 


107602* 










II 


40 


5790 


5-1 


1-448 


181640 










35 


40 


11580 


6-1 


2-895 


363177 


710 


50 


38 


618 


5 


10 


12160 


40-8 


3040 


46661 










II 


15 


6059 


37-3 


1-508 


25269 










II 


20 


3986 


32-61 


0-997 


18474 










II 


25 


2965 


26-45 


0-741 


18147* 










tt 


30 


2352 


18-45 


0-588 


20997 










It 


35 


1943 


8-17 


0-486 


40780 










10 


16 


12060 


37-3 


3-015 


60601 










tt 


20 


5980 


32-61 


1-495 


27601 










it 


25 


3953 


26-45 


0-988 


24460* 










II 


30 


2940 


18-45 


0-735 


26247 










II 


35 


2332 


817 


0-583 


48920 










15 


20 


11960 


32-61 


2-990 


68375 










II 


25 


5930 


26-45 


1-483 


36322 










II 


30 


3920 


18-46 


0-980 


35106* 










tt 


35 


2915 


8-17 


0-729 


61268 










20 


25 


11860 


26-45 


2-966 


73013 
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2 


Steam. 


Cooling water. 


Air. 




■s 


a 


2 


^ 








B 


-2 


t 


S 


1 


s 


*r 


S 


^ 


«D 


> 


1 

< 




f£3 

1 


1^ 


S5 


•a 
1 


g 


.a 
1 


1 


mm. 


mm. 


"C. 


c. 


ta- 


t.. 


kUo8. 


mm. 


kilos. 


Litres. 


710 


60 


38 


618 


20 


30 


6880 


18-45 


1-470 


62494* 




t$ 






II 


35 


3887 


817 


0-972 


81544 








II 


25 


30 


11760 


18.45 


2-940 


104687* 


f 1 


II 


II 


II 


II 


36 


6830 


8-17 


1-458 


122341 




II 


II 


II 


30 


35 


11660 


8-17 


2-915 


244597 


720 


40 


34-5 


617 


5 


10 


12140 


30-8 


3-036 


60467 


)l 


II 


II 


II 


II 


15 


6020 


27-3 


1-505 


34404 






II 


tt 


II 


20 


3980 


22-61 


0-996 


27108* 








tt 


II 


25 


2960 


16-45 


0-740 


28986 


) ) 


II 


II 


tt 


II 


30 


2348 


8-46 


0-587 


46937 




II 


II 


tt 


10 


15 


12040 


27-3 


3010 


68809 


tt 


II 


II 


tt 


tt 


20 


6970 


22-61 


1-493 


42312 


tt 


II 


II 


tt 


tt 


25 


3946 


16-45 


0-987 


38641* 








tt 


tt 


30 


2936 


8-45 


0-734 


68690 










15 


20 


11940 


22-61 


2-985 


84565 


tt 


II 


ti 


tt 


II 


25 


5920 


16-45 


1-480 


58134* 


}) 


II 




tt 


II 


30 


3913 


8-46 


0-978 


79472 




II 




tt 


20 


25 


11840 


16-45 


2-960 


116269 


ft 


II 


tt 


tt 


II 


30 


5870 


8-45 


1-468 


117641 




II 




tt 


25 


30 


11740 


8-46 


2-935 


234682 


730 


30 


29 


616 


5 


10 


12110 


20-8 


3-028 


89699 


i} 


II 


II 


II 


II 


15 


6000 


17-3 


1-500 


64090 


)) 


II 




tt 


II 


20 


3966 


12-61 


0-991 


60174* 


)) 


II 


II 


tt 


II 


25 


2950 


6-46 


0-738 


123277 










10 


16 


12000 


17-3 


3-000 


108180 


If 


II 




tt 


II 


20 


6950 


12-61 


1-488 


75337* 


If 


>l 


II 


tt 


tt 


25 


3933 


6-46 


0-983 


100065 


}} 


tt 


II 


tt 


16 


20 


11900 


12-61 


2-976 


147709 


tt 


tt 


II 


tt 


II 


26 


. 5900 


6-45 


1-475 


160553 




It 


II 


tt 


20 


26 


11800 


6-45 


2-960 


300606 


740 


20 


21 


613 


6 


10 


12060 


10-8 


3-016 


172126 












15 


5980 


7-3 


1-496 


128929* 


tt 


II 




II 


II 


20 


3960 


2-61 


0-985 


179950 










10 


15 


11960 


7-3 


2-990 


267868 


tt 


tt 




li 


II 


20 


5930 


2-61 


1-483 


270858 


tf 


it 


ft 


tt 


15 


20 


11860 


2-61 


2-965 


641676 
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water, the higher is the vapour pressure over it, and therefore the lower 
is the pressure of the air and the greater its specific volume. 

On the supposition that the weight of air to be exhausted is 
directly proportional to that of the injected water, this most favour- 
able condition (the exhaustion of the least volume of air), which is 
indicated in Table 72 by an asterisk (*), also occurs at the same 
temperatures of the outflow if the cooling water has a proportion of air 
different to that which we assumed. Unfortunately our supposition 
of the complete proportionality between air and water is not quite 
reliable. In reality, therefore, the most favourable condition fre- 
quently occurs at another temperature, which cannot be determined 
beforehand. It must suffice to know that there is a most favourable 
temperature, which can well be found for apparatus at work. 

Since wet air-pumps must carry off the air in addition to the 
injected water, their dimensions must be so taken that to the volume 
of air to be exhausted, as given in Table 72, is added the injected 
water, W. 



C. The Volume of Air to be Exhausted from Dry Fall-pipe 
Jet-condensers. 

A dry air-pump is one which exhausts the air and uncondensed 
gases from . the condenser, but not the water. It takes the air from 
the condenser at the place where the cooling water enters, and thus, 
the exhausted air has quite or almost the temperature of this in- 
jected water, t^. 

On our assumption, the weight of air taken from the condenser — 
that to be exhausted by the air-pump — is directly proportional to the 
quantity of the injected water; therefore equation (255) gives here 
also the weight of air : 

Equation (259) is used to determine the volume of air, 7,,, which the 
dry air-pump has to carry away, with the difference, that instead of 
inserting the temperature of the waste water, t^, for that of the air^ 
that of the entering water, ta, is to be used. 

_ W0-25{273 + < . .)29-27 x 760 _ n.no^^ WjilS + Q 
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Table 73 has been caloulated by means of this equation. In this 
ease, as with wet condensers, a larger or smaller proportion of air in 
the injected water increases or diminishes the volume of air to be 
exhausted. 

The chief differences between wet and dry condensers (almost 
entirely to the advantage of the latter) are the following : — 

The temperature of the water from dry (fall-pipe) condensers may 
be higher than from wet condensers, since, as we know, it may 
almost attain the temperature of the vapours passing into the con- 
denser. Dry condensers, therefore, require much less water than 
wet condensers of the same capacity. 

The smaller quantity of water brings a correspondingly smaller 
quantity of air into the apparatus, and, since this air is almost at the 
temperature of the entering cooling water, i.e., much colder than in the 
wet condenser, the smaller weight of air has also a smaller specific 
volume. Also the vapour mixed with the air has a lower temperature, 
and therefore a lower pressure, and there remains a larger fraction of 
the total pressure in the condenser for the air. Thus there is almost 
always a smaller volume of air to be exhausted from a dry condenser. 

Dry air-pumps may run at a greater speed than wet, because they 
have no water to overcome ; for the same reason they may always be 
smaller than wet pumps for the same evaporative capacity. 

Comparing the very different volumes of air to be exhausted in 
the different cases considered in Table 73, the following conclusions 
may be drawn : — 

1. Even with very warm cooling water fairly good vacua 7nay be 
reached by means of dry condensation. Stich conditions require only 
much cooling water and large air-pumps. The cooling water is still 
usable when it is only a few degrees cooler than the temperature of the 
evaporating liquid. 

2. The m>ore nearly the temperature of the exhauHed air approaches 
to that of the entering cooling water, and that of the tvaste water to the 
temperature of the evaporating liquddy i.e., the more completely the 
cooling water is utilisedy the better is the condensation and the smaller 
may the air-pump be. When the air-pump is only just large eruyugh 
under given conditions, the condensation can never be improved, but 
only made worse, by a larger water supply. 

3. It is very important to take the air quite cold from the condenser. 
The colder the air, the better the vacuum. 

23 
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Table 73. 

The consumption of cooling water and volume of air, in litres, to be 
exhausted, for the condensation of 100 kilos, of steam at vacua of 
600-740 mm. 

Initial temperature of the cooling water, t^, = 6° to 50° C. 
Final „ „ „ ^„ = 10° to 61-5°C. 

in dry, fall-pipe jet-condensers. 



Vacuum, 600 mm. 




Absolute pressure, 160 mm. 


Temperature, 61*6° 0. 




Total heat, c = 625 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 












ta. 


te. 


kilos. 


t,a- 


mm. 


kilos. 


Litres. 


5 


61-5 


997 


5 


153-5 


0-25 


978 


>» 


II 


II 


10 


150-8 


II 


1017 


tt 


II 


II 


15 


147-3 


II 


1055 


f> . 


56 


1140 


5 


153-5 


0-285 


1114 


i> 


tt 


II 


10 


150-8 


II 


1159 


»i 


tt 


II 


15 


147-3 


II 


1205 


91 


50 


1277 


5 


153-5 


0-319 


1247 


>» 


11 


II 


10 


150-8 


II 


1298 


tt 


II 


l> 


15 


147-3 


II 


1346 


10 


61-5 


1094 


10 


160-8 


0-274 


1116 


tt 


II 


II 


15 


147-3 


II 


1156 


tt 


II 


II 


20 


142-6 


II 


1210 


tt 


65 


1266 


10 


150-8 


0-317 


1289 


tt 


II 


II 


15 


147-3 


II 


1338 


tt 


II 


II 


20 


142-6 


II 


1400 


tt 


60 


1437 


10 


150-8 


0-369 


1460 


tt 


II 


II 


16 


147-3 


II 


1615 


It 


II 


II 


20 


142-6 


II 


1586 


15 


61-5 


1212 


16 


147-3 


0-303 


1279 


It 


II 


II 


20 


142-6 


II 


1338 


tt 


II 


II 


25 


136-5 


11 


1430 


tt 


65 


1425 


16 


147-3 


0-356 


1502 


It 


II 


II 


20 


142-6 


11 


1672 
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Vacuum, 600 mm. 




Absolute pressure, 16C 


tmm. 1 


Temperature, ei-S^'G. 




Total beat 


c = 625 cals. 1 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 












ta- 


te. 


kilos. 


<to. 


mm. 


kilos. 


Litres. 


15 


55 


1425 


25 


136-5 


0-366 


1680 


ti 


50 


1642 


15 


147-3 


0-41 


1732 


ti 


yi 


91 


20 


142-6 


.11 


1811 


»j 


»i 


11 


25 


136-5 


If 


1938 


20 


61-5 


1385 


20 


142-6 


0-346 


1528 


ff 


91 


19 


25 


136-5 


If 


1633 






19 


11 


30 


128-5 


fl 


1776 






55 


1629 


20 


142-6 


0-407 


1798 






»» 


91 


25 


136-5 


fl 


1921 






»l 


11 


30 


128-5 


f f 


2088 






50 


1917 


20 


142-6 


0-479 


2116 






19 


11 


25 


136-5 


If 


2259 






91 


91 


30 


128-5 


ff 


2449 


25 


61-5 


1544 


25 


136-5 


0-386 


1831 


tf 


)l 


1) 


30 


128-5 


If 


1981 


>» 


n 


»l 


35 


118-2 


f f 


2173 


>» 


55 


1900 


25 


136-5 


0-475 


2242 


tt 


If 


91 


30 


128-5 


If 


2438 


»» 


>f 


M 


35 


118-2 


ff 


2674 


»i 


50 


2300 


25 


136-6 


0-576 


2714 


M 


)) 


19 


30 


128-5 


f 1 


2953 


f> 


l> 


91 


35 


118-2 


II 


3237 


30 


61-5 


1772 


30 


128-5 


0-443 


2274 


»» 


fl 


19 


35 


118-2 


II 


2494 


»l 


f) 


»» 


40 


106-1 


fl 


2856 


>» 


55 


2280 


30 


128-5 


0-570 


2926 


>» 


91 


If 


35 


118-2 


tt 


3209 


91 


)» 


If 


40 


105-1 


tt 


3676 
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Table 73 — (continiied). 



Vacuum, 600 mm. 




Absolute pressure, 160 mm. | 


Temperature. 61-5° C. 




Total heat 


. c = 626 calB. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 












<.. 


te. 


kilos. 


<te. 


mm. 


kilos. 


Litres. 


30 60 


2875 


30 


128-5 


0-719 


3691 


91 


tt 


»l 


36 


118-2 


tt 


4048 


It 


„ 


If 


40 


105-1 


tt 


4636 


35 


61-5 


2125 


36 


118-2 


0-631 


2992 


tt 


)t 


tt 


40 


1051 


tt 


3426 


ft 


tt 


tt 


45 


88-6 


tt 


4128 


ti 


55 


2850 


35 


118-2 


0-712 


4011 


»> 


It 


»i 


40 


1051 


If 


4693 


>i 


tt 


II 


46 


88-6 


19 


5524 


ff 


50 


3833 


36 


118-2 


0-968 


5394 


tt 


II 


II 


40 


1051 


tt 


6176 


ft 


tt 


It 


46 


88-6 


tt 


7427 


40 


61-5 


2626 


40 


105-1 


0-657 


4299 


tt 


tt 


tt 


46 


88-6 


tt 


5094 


tt 


tt 


tt 


50 


68 


tt 


6747 




55 


3800 


40 


106-1 


0-950 


6124 


tt 


II 


II 


46 


.88-6 


tt 


7365 


It 


II 


i> 


60 


68 


tt 


9766 




50 


5760 


40 


105-1 


1-437 


9263 


tt 


II 


II 


45 


88-6 


tt 


11141 


tt 


tt 


tt 


60 


68 


tt 


14768 


45 


61-5 


3415 


46 


88-6 


0-854 


6621 


tt 


„ 


II 


50 


68 


II 


8770 


tt 


„ 


» 


56 


42-6 


II 


14262 


tt 


65 


6700 


45 


88-6 


1-425 


11047 


tt 


II 


II 


60 


68 


II 


14634 


tt 


ti 


tt 


55 


42-5 


II 


23798 


It 


50 


11500 


45 


88-6 


2-875 


22090 



THE AIR FROM DRY CONDENSERS. 
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Vacuum, 600 mm. 




Absolute pressure, 160 mm. 


Temperature, 61-6° C. 




Total heat, c = 625 oals. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 












ta. 


t.. 


kilos. 


<!.. 


mm. 


kilos. 


Litres. 


45 


60 


11600 


50 


68 


2-875 


29626 


II 


II 


II 


65 


42-5 


tf 


58013 


50 


61-6 


4895 


60 


68 


1-224 


12460 


l» 


II 


II 


65 


42-2 


II 


20300 


II 


II 


II 


60 


12 


II 


169500 


II 


55 


11300 


50 


68 


2-825 


29013 


Vaouum, 620 mm. 




Absolute pressure, 140 mm. 


Temperature, 68*5° C. 




Total heat, c = 624 cals. 


5 


58-6 


1057 


6 


133-5 


0-260 


1186 


II 


II 


II 


10 


130-8 


II 


1215 


II 


II 


II 


15 


127-3 


II 


1269 


II 


60 


1276 


5 


133-5 


0-319 


1464 


II 


II 


II 


10 


130-8 


II 


1489 


II 


II 


II 


16 


127-3 


II 


1567 


II 


45 


1447 


6 


133-5 


0-362 


1680 


II 


II 


II 


10 


130-8 


II 


1692 


II 


II 


II 


16 


127-3 


II 


1767 


10 


58-5 


1166 


10 


130-8 


0-291 


1342 


II 


II 


II 


16 


127-3 


II 


1423 


II 


II 


II 


20 


122-6 


II 


1505 


II 


50 


1436 


10 


130-8 


0-359 


1678 


II 


II 


II 


15 


127-3 


II 


1752 


II 


II 


II 


20 


122-6 


II 


1866 


II 


45 


1664 


10 


130-8 


0-414 


1935 


II 


II 


II 


18 


127-3 


tt 


2020 


II 


II 


II 


20 


122-6 


i» 


2140 



J 
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Table 73 — {continued). 



Vaouum, 620 mm. 




Absolute pressure, 140 mm. | 


Temperature, 58*6'' G. 




Total heat 


, c = 624 caU. 1 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










«.. 


C 


kUos. 


u.. 


mm. 


kilos. ' Litres. 


15 


58-5 


1800 


15 


127-3 


0-325 


1686 








20 


122-6 


yy 


1680 




jy 


yy 


25 


116-5 


yy 


1797 




60 


1640 


15 


127-3 


0-410 


2001 




}| 


yi 


20 


122-6 


yy 


2120 




)l 


yy 


25 


116-5 


11 


2267 




45 


1930 


15 


127-3 


0-482 


2365 




n 


yy 


20 


122-6 


yi 


2495 




1) 


yy 


26 


116-6 


}y 


2668 


20 


58 


1516 


20 


122-6 


0-379 


1959 






yy 


26 


116-5 


yy 


2094 




l» 


yy 


30 


108-5 


yy 


2310 




50 


1913 


20 


122-6 


0-478 


2471 




}) 


ly 


25 


116-6 


»y 


2703 




f 1 


yy 


30 


108-5 


yy 


2913 




45 


2315 


20 


122-6 


0-679 


2993 




it 


yi 


26 


116-6 


II 


3202 




II 


yy 


30 


108-5 


yy 


3529 


25 


58 


1715 


25 


116-5 


0-429 


2372 




)f 


y 1 


30 


108-5 


yy 


2616 




ly 


II 


35 


98-2 


yy 


2913 




50 


2296 


25 


116-5 


0-674 


3174 






yy 


30 


108-6 


II 


3498 




1} 


yy 


35 


98-2 


II 


3892 




45 


2896 


25 


116-6 


0-724 


4004 




yi 


yy 


30 


108-5 


yy 


4413 




ly 


yy 


35 


98-2 


II 


4908 


30 


58 


2021 


30 


108-5 


0-806 


3078 
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Vacuum, 620 mm. 




Absolute preesure, 140 mm. 


Temperature, 68'6° C. 




Total heat, c = 624 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


C 


kilOB. 


tia. 


mm. 


kilos. 


Litres. 


30 


58 


2021 


35 


98-2 


0-505 


3424 


tt 


>> 


If 


40 


85-1 


l» 


4020 


tt 


50 


2870 


30 


1085 


0-718 


4376 


tt 


II 


II 


36 


98-2 


II 


4868 


91 


II 


II 


40 


85-1 


II 


5716 


yt 


45 


3860 


30 


108-5 


0-965 


5855 


)l 


II 


II 


36 


98-2 


II 


6543 


tt 


II 


tt 


40 


85-1 


II 


7681 


36 


68 


2304 


36 


98-2 


0-576 


3905 


tt 


II 


II 


40 


85-1 


If 


4585 


tt 1 tt 


II 


46 


68-6 


II 


5777 


tt 


60 


3827 


36 


98-2 


0-957 


6488 


tt 


II 


II 


40 


85-1 


II 


7618 


it 


II 


II 


45 


68-6 


II 


9699 


„ i 46 


6790 


36 


98-2 


1-448 


9817 


II II 


II 


40 


86-1 


II 


11826 


II 


II 


II 


46 


68-6 


II 


14623 


40 


68 


3144 


40 


851 


0-786 


6267 


II 


II 


II 


45 


68-6 


II 


7884 


II 


II 


II 


50 


48 


II 


11444 


II 


60 


5740 


40 


851 


1-435 


11022 


II 


II 


II 


45 


68-6 


II 


14393 


II 


II 


II 


50 


48 


II 


20893 


II 


46 


11580 


40 


85-1 


2-895 


23044 


II 


II 


II 


45 


68-6 


II 


29037 


II 


II 


II 


50 


48 


II 


42151 


46 


68 


4364 


45 


68-6 


1089 


10923 


II 


tt 


II 


60 


48 


»i 


15856 



360 EVAPORATING AND CONDENSING APPABATUS. 

Table 73 — {continued). 



Vacuum, 620 mm. 




Absolute pressure, 140 mm. 


Temperature. 68-5° 0. 




Total heat, c = 624 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










^«. 


te. 


kUos. 


tla. 


mm. 


kilos. 


Litres. 


45 


58 


4354 


65 


22-6 


1-089 


34685 


}) 


50 


11480 


45 


68-6 


2-870 


28786 


tt 


t* 


tt 


60 


48 


II 


41787 


9t 


tt 


tt 


55 


22-6 


tt 


91410 


50 


58 


7075 


50 


48 


1-769 


25766 


Vacuum, 640 m 


m. 




Absolute pressure, 120 mm. 


Temperature, 5< 


s-c. 




Total heat, c = 623 cals. 


5 65 


1136 


5 


113-6 


0-284 


1503 


if 


)f 


tt 


10 


110-8 


)l 


1568 


tt 


tt 


tt 


15 


107-3 


1647 


tt 


50 


1261 


5 


113-6 0-313 


1666 


tt 


tt 


tt 


10 


110-8 


1728 


tt 


tt 


tt 


15 


107-3 , „ 


1816 


tt 


45 


1445 


5 


113-5 0-3615 


1924 


tt tt 


tt 


10 


110-8 I „ 


1996 


. l» 


tt 


»» 


15 


107-3 


2096 


10 


55 


1262 


10 


110-8 0-816 


1739 


) 




tt 


tt 


15 


107-3 


tt 


1828 


1 




tt 


It 


20 


102-6 


tt 


1943 


t 




50 


1432 


10 


110-8 


0-358 


1976 


t 




»» 


tt 


15 


107-3 


ft 


2076 


t 




tt 


tt 


20 


102-6 


tt 


2209 


t 




45 


1651 


10 


110-8 


0-413 


2280 


t 




)t 


»f 


15 


107-3 


)t 


2396 






tt 


tt 


20 


102-6 


tf 


2548 
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Vaouum, 640 mm. 




Absolute pressure, 120 mm. | 


Temperature, 66** C. 




Total heat 


, c = 638 oals. 1 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










^. 


<.. 


kilos. 


t,.. 


mm. 


kilos. 


Litres. 


15 


55 


1420 


15 


107-3 


0-355 


2004 






19 


II 


20 


102-6 


II 


2190 






99 


II 


25 


96-5 


91 


2382 






50 


1637 


15 


107-2 


0-409 


2372 






II 


}f 


20 


102-6 


99 


2524 






II 


II 


25 


96-6 


II 


2732 






45 


1927 


15 


107-2 


0-482 


2796 






II 


II 


20 


102-6 


19 


2974 






11 


II 


25 


96-5 


19 


3218 


20 


65 


1625 


20 


102-6 


0-406 


2505 


i» 


II 


II 


25 


96-5 


II 


2712 


»» 


91 


II 


30 


88-5 


II 


3039 


II 


50 


1910 


20 


102-6 


0-480 


2962 


19 


99 


II 


26 


96-5 


II 


3206 


II 


19 


II 


30 


88-5 


19 


3593 


ft 


45 


2312 


20 


102-6 


0-678 


3566 


II 


19 


II 


25 


96-5 


II 


3861 


II 


II 


99 


30 


88-6 


II 


4326 


25 


65 


1893 


25 


96-5 


0-473 


3160 


II 


II 


II 


30 


88-5 


91 


3540 


II 


19 


II 


36 


78-2 


II 


4026 


II 


50 


2292 


25 


96-6 


0-573 


3828 


II 


II 


II 


30 


88-5 


II 


4289 


II 


II 


i» 


35 


78-2 


II 


4877 


ly 


45 


2890 


25 


96-6 


0-722 


4824 


II 


II 


II 


30 


88-5 


II 


5408 


19 


II 


II 


35 


78-2 


91 


6150 


30 


65 


2272 


30 


88-6 


0-568 


4241 



362 EVAPORATING AND CONDENSING APPARATUS. 

Table 73 — (continued). 



Vacuum, 640 mm. 




Absolute pressure, 120 mm. 1 


Temperature, 6t 


i°C. 




Total- heat 


, c = 628 cals. 1 


Cooling water. 


Air. 


Initial 


Pinal 












tempera- 


tempera- 


Weight. 


Tempenk- 
ture. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


te. 


kilos. 


tu. 


mm. 


kilos. 


Litres. 


30 55 


2272 


36 


78-2 


0-568 


4766 


»» ! II 


II 


40 


661 


II 


6927 


1 


50 


2866 


30 


88-5 


0-716 


5369 


1 


1 

1 " 


II 


36 


78-2 


II 


6094 


1 


! 


II 


40 


661 


II 


7471 


1 




45 


3883 


30 


88-6 


0-966 


7166 


» 




ff 


II 


36 


78-2 


„ 


8137 


1 




II 


II 


40 


661 


II 


9976 


36 


66 


2840 


36 


78-2 


0710 


6043 


>} 


II 


II 


40 


661 


II 


7409 


1 




II 


II 


46 


48-6 


II 


10039 


, 




60 


3820 


36 


78-2 


0965 


8128 


1 




11 


II 


40 


661 


II 


9965 


1 




II 


II 


46 


48-6 


II 


13604 


1 




46 


6780 


35 


78-2 


1-446 


12298 


1 




II 


II 


40 


661 


II 


15079 


I 




II 


II 


46 


48-6 


II 


20342 


40 


66 


3787 


40 


651 


0-947 


9882 


11 


II 


II 


46 


48-6 


II 


13391 


1 




II 


II 


60 


28 


II 


22018 


» 




60 


6730 


40 


661 


1-432 


14943 


1 




II 


II 


46 


48-6 


II 


20248 


y 




II 


It 


60 


28 


II 


33294 


» 




45 


11560 


40 


661 


2-89 


30157 


» 




II 


II 


46 


48-6 


II 


40685 


• 




II 


II 


60 


28 


II 


67193 


46 


66 


6680 


46 


48-6 


1-420 


20779 


II 


II 


II 


60 


28 


II 


36684 
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Vacuum, 640 mm. 




Absolute pressure, 120 mm. 


Temperature, 66** C. 




Total heat, e = 628 cals. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture« 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 












ta- 


t.. 


kilos. 


tu. 


mm. 


kilos. 


Litres. 


45 


55 


5680 


55 


2-6 


1-420 


295360 


,, 1 50 


11460 


45 


48-6 


2866 


40511 


If 


it 


}} 


63 


28 


tt 


71997 


yt 


ft 


tt 


65 


2-5 


tf 


595920 


50 


65 


11360 


50 


28 


2-840 


71369 


Vacuum, 660 m 


m. 




Absolute pressure, IOC 


) mm. 


Temperature, 65 


!»C. 




Total heat, c = 632 ci 


Lis. 


5 


52 


1213 


6 


93-5 


0-303 


1947 




f 1 


n 


10 


90-8 


tt 


1865 




1) 


fi 


15 


87-3 


tt 


2160 




45 


1440 


5 


93-6 


0-360 


2313 




»i 


tt 


10 


90-8 


11 


2216 




f ) 


tt 


16 


87-3 


»» 


2667 




40 


1660 


5 


93-5 


0-416 


2666 




}) 


tt 


10 


90-8 


f f 


2655 




it 


tt 


16 


87-3 


l» 


2968 


10 


52 


1357 


10 


90-8 


0-339 


2087 




tf 


tt 


15 


87-3 


ft 


2417 




ft 


tt 


20 


82-6 


tt 


2600 




45 


1650 


10 


90-8 


0-412 


2539 




It 


>> 


15 


87-8 


tt 


2941 




ft 


»l 


20 


82-6 


tt 


3164 




40 


1940 


10 


90-8 


0-485 


2986 




ft 


l> 


15 


87-3 


ft 


4468 




tt 


tt 


20 


82-6 


tt 


3720 
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Table 73 — {contintced). 



Yaoaum, 660 mm. 




Absolute pressure, 100 mm. 




Temperature, 62** C. 




Total heat 


, c = 622 oals. 




Cooling water. 


Air. 




Initial 


Final 




Tempera- 
ture. 










tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 




ture. 


ture. 












ta- 


C 


kilos. 


*to. 


mm. 


kilos. 


Litres. 




15 


52 


1540 


15 


87-3 


0-386 


2745 




»f 


tt 


tt 


20 


82-6 


II 


2953 




ft 


tt 


tt 


25 


76-5 


II 


3241 




9t 


45 


1923 


15 


87-3 


0-481 


3429 




tt 


tt 


}) 


20 


82-6 


II 


3689 




t1 


tt 


tt 


25 


76-5 


l» 


4049 




f > 


40 


2328 


15 


87-3 


0-682 


4149 




if 


tt 


tt 


20 


82-6 


II 


4464 




if 


tt 


tt 


25 


76-5 


II 


4899 




20 


62 


1781 


20 


82-6 


0-445 


341 .S 




)» 


tt 


tt 


25 


76-5 


»i 


3746 




ft 


tt 


tt 


30 


68-6 


II 


4326 




It 


45 


2308 


20 


82-6 


0-577 


4426 




tt 


tt 


tt 


25 


76-6 


II 


4867 




tt 


tt 


tt 


30 


68-5 


II 


5610 




tt 


40 


2910 


20 


82-6 


0-782 


6684 




tt 


tt 


II 


25 


76-5 


II 


6128 




tt 


tt 


II 


30 


68-5 


II 


7078 




26 


52 


2111 


25 


76-5 


0-528 


4445 




}| 


„ 


II 


30 


68-5 


II 


6133 




tt 


tt 


II 


35 


58-2 


II 


6040 




tt 


45 


2886 


25 


76-5 


0-721 


6069 




tt 


}t 


II 


30 


68-5 


II 


7010 




tt 


tt 


II 


35 


58-2 


tt 


8248 




tt 


40 


3800 


25 


76-5 


0-950 


7997 




ti 


tt 


II 


30 


68-5 


II 


9236 




tt 


tt 


,, 


36 


58-2 


11 


10868 




30 


62 


2591 


30 


68-8 


0-648 


6300 1 
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Table 73 — (continued). 



Vaoaum, 660 mm. 




Absolute pressure, 100 mm. 


Temperature, 62^ C. 




Tota,l heat, c = 622 cals. 


Cooling water. 




Air. 




Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


te^ 


kilos. 


<to. 


mm. 


kilos. 


Litres. 


30 


62 


2591 


35 


58-2 


0-648 


7413 


i> 


II 


II 


40 


451 


If 


9662 


jf 


45 


3848 


30 


68-5 


0-962 


9353 


It 


II 


tf 


35 


58-2 


II 


11005 


»} 


»> 


II 


40 


451 


II 


14478 


II 


40 


5820 


30 


68-5 


1-465 


14146 


»» 


II 


II 


35 


58-2 


ft 


16646 


»i 


II 


II 


40 


45-1 


II 


21898 


35 


52 


3364 


35 


58-2 


0-839 


9599 


M 


II 


II 


40 


451 


II 


12627 


1) 


,j 


II 


45 


28-6 


II 


20268 


ti 


45 


5770 


35 


58-2 


1-442 


16502 


ft 


II 


>, 


40 


46-1 


II 


21709 


)l 


If 


II 


45 


28-6 


II 


34946 


II 


40 


11640 


35 


58-2 


2-910 


33290 


II 


>l 


II 


40 


451 


II 


43796 


II 


II 


»l 


46 


28-6 


II 


70297 


40 


52 


4760 


40 


451 


1188 


17879 


II 


II 


II 


45 


28-6 


II 


28699 


11 


l» 


II 


50 


8 


II 


106540 


II 


45 


11540 


40 


461 


2-888 


43419 


1} 


II 


II 


45 


28-6 


II 


69693 


11 


l> 


f> 


60 


8 


II 


258727 


46 


52 


8143 


45 


28-6 


2036 


49180 


II 


II 


» 


50 


8 


j> 


182108 


50 


62 


— 


— 


— 


— 





366 EVAPORATING AND CONDENSING APPARATUS. 

Table 73 — {continvsd). 



Vacuum, 680 mm. 




Absolute pressure, 80 mm. 


Temperature, 48° C. 




Total beat, c = 621 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


te. 


kilos. 


tu.. 


mm. 


kilos. 


Litres. 


5 


48 


1366 


5 


73-5 


0-369 


2773 


1 




>» 


yy 


10 


70-8 


tt 


2963 


f 




i» 


ti 


16 


67-3 


tt 


3146 


1 




40 


1718 


5 


73-5 


0-4296 


3512 


» 




»t 


1) 


10 


70-8 


tt 


3754 


) 




»i 


)> 


16 


67-3 


It 


3984 


f 


, 


36 


1963 


6 


73-5 


0-488 


3992 


f 




l» 


It 


10 


70-8 


>> 


4168 


t 




il 


tt 


15 


67-3 


f } 


4527 


10 


48 


1509 


10 


70-8 


0-377 


3295 


!•» 


M 


>» 


15 


67-3 


tt 


3497 


>} 


»l 


tt 


20 


62-6 


It 


3827 


1) 


40 


1937 


10 


70-8 


0-484 


4230 


l> 


»» 


)> 


16 


67-3 


tt 


4490 


l» 


»» 


>» 


20 


626 


tt 


4912 


>» 


35 


2344 


10 


70-8 


0-586 


5122 


M 


II 


tt 


16 


67-3 


tt 


5436 


It 


It 


tt 


20 


62 6 


tt 


6948 


15 


48 


1737 


15 


67-3 


0-434 


4026 


» 




»» 


i» 


20 


62-3 


II 


4405 


> 




»» 


>» 


25 


66-5 


»» 


4958 


» 




40 


2324 


15 


67-3 


0-581 


6389 


» 




It 


tt 


20 


62-6 


II 


5897 


) 




ii 


tt 


26 


66-6 


II 


6638 


t 




35 


2930 


15 


67-3 


0-732 


6790 


1 




»> 


,, 


20 


62.6 


It 


7435 


f 




»> 


»» 


25 


56-5 


tt 


8369 


20 


48 


2040 


20 


62-6 


0-610 


5177 



THE AIR FROM DRY CONDENSERS. 

Table 73 — (contintied). 



367 



Vacuum, 680 mm. 




Absolute 


pressure, 80 mm. 1 


Temperature, 48** C. 




Total heat, c = 621 oals. 1 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 




uUxo. 








ta. 


te- 


kilos. 


<!.. 


mm. 


kilos. 


Litres. 


20 


48 


2040 


25 


56-5 


0-510 


6827 


it 


it 


If 


30 


48-5 


»> 


7043 


ft 


40 


2906 


20 


62-6 


0-726 


7369 


»» 


>» 


tt 


25 


56-5 


11 


8296 


tt tt 


11 


30 


48-6 


11 


10026 


it 


35 


3908 


20 


62-6 


0-977 


9917 


ti 


„ 


it 


26 


55-5 


f 1 


11162 


11 


11 


11 


30 


48-5 


11 


13492 


25 


48 


2491 


25 


66-6 


0-623 


7118 


it 


it 


tt 


30 


48-6 


If 


8603 


it 


tt 


If 


35 


382 


ff 


10870 


tt 


40 


3866 


26 


56-5 


0-967 


11047 


tt 


it 


11 


30 


48-5 


f» 


13364 


tt 




11 


35 


38-2 


f f 


16903 


tt 


35 


6770 


?5 


66-5 


1-442 


16475 


a 


it 


11 


30 


48-5 


If 


19901 


it 


it 


11 


36 


38-2 


ff 


26216 


30 


48 


3184 


30 


48-6 


0-796 


10993 


1) 


tt 


ff 


35 


38-2 


If 


13949 


ft 


tt 


ff 


40 


261 


f f 


22246 


If 


40 


5810 


30 


481 


1-463 


20070 


it 


11 1 »» 


36 


38-5 


■„ 1 25433 


f 1 


11 1 »» 


40 


251 


41059 


n 


35 ; 11720 


30 


48-8 


2-930 , 40460 


it 


11 1 »l 


35 


38-5 


„ ' 51196 


11. 


11 


.. 


40 


251 


fi 


80780 


35 


48 


4408 


35 


38-2 


1-102 


19263 


11 


11 


f f 


40 


25-1 


ft 


30382 



368 EVAPORATING AND CONDENSING APPABATUS. 

Table 73 — {contimied). 



Vacuum, 680 mm. 




Absolute pressure, 80 mm. 


Temperature, 48° C. 




Total heat, c - 621 cals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


/.. 


kilos. 


',... 


mm. 


kilos. 


Litres. 


35 


48 


4408 


45 


8-6 


1-102 


242247 


tf 


40 


11620 


35 


38-2 


2-905 


60769 


if 


It 


II 


40 


251 


II 


80090 


»» 


It 


II 


45 


8-6 


II 


91895 


40 


48 


7043 


40 


25-1 


1-761 


48661 


tf 


II 


II 


46 


8-6 


II 


146850 


45 


48 


19100 


45 


8-6 


4-775 


— 


Vacuum, 700 m 


m. 




Absolute pressure, 6( 


) mm. 


Temperature, 44 


l°C. 




Total heat, c = 619 c 


sals. 


5 


44 


1474 


5 


53 6 


0-369 


4149 


l» 


II 


II 


10 


50-8 


II 


4446 


»» 


II 


II 


15 


473 


II 


4863 


tf 


35 


1945 


5 


53-5 


0-486 


6465 


It 


II 


II 


10 


50-8 


II 


5816 


ft 


II 


II 


15 


47-3 


II 


6406 


ft 


30 


2356 


5 


53-6 


0-689 


6623 


ff ft 


II 


10 


60-8 1 „ 


7097 


1 
If ft 


ft 


16 


47-3 


II 


7763 


10 44 


1691 


10 


508 


0-426 


5121 


1 


II 


15 


47-3 1 „ 


5502 


„ ! „ 


II 


20 


42-6 i „ 


6333 


,. 1 35 


2335 


10 


50-8 1 0-584 


7037 


„ 1 


II 


15 


47-3 


II 


7697 


>l 1 >» 


II 


20 


42-6 


II 


8702 


30 


2946 


10 


50-8 


0-736 


8869 



THE AIB FROM DRY CONDENSERS. 
Table 73 — {continued). 



369 



Vacuum, 700 mm. 




Absolute 


pressure, 60 mm. 1 


Temperature, 44 


L°C. 




Total heat, c = 619 cals. 1 


Cooling water. 


Air. 


Initial 


Final 












tempera- 
ture. 


tempera- 
ture. 


Weight. 


Temperb- 
ture. 


Piessuie. 


Weight. 


Volume. 


t.. 


C 


kilos. 


/la. 


mm. 


Icilos. 


Litres. 


10 


30 


2945 


15 


47-8 


0-736 


9700 


M 


i> 


II 


20 


42-6 


>l 


10966 


16 


44 


1983 


15 


47-3 


0-496 


6537 


f » 


II 


II 


20 


42-6 


II 


6390 


>} 


II 


II 


25 


36-6 


II 


8779 


M 


35 


2920 


15 


47-3 


0-730 


9621 


»» 


II 


II 


20 


42-6 


II 


10877 


>» 


II 


II 


26 


36-5 


II 


12921 


yt 


30 


3926 


15 


47-3 


0-981 


12936 


») 


II 


II 


20 


42-6 


II 


14624 


>i 


II 


l» 


25 


36-5 


II 


17363 


20 


44 


2396 


20 


42-6 


0-599 


8926 


»» 


II 


II 


26 


36-6 


II 


10602 


>l 


II 


II 


30 


28-5 


II 


14364 


If 


35 


3890 


20 


42-6 


0-972 


14483 


fl 


II 


II 


26 


36-5 


II 


17204 


>> 


II 


II 


30 


28-5 


II 


23309 


>» 


30 


5890 


20 


42-6 


1-472 


21933 


)> 


II 


II 


25 


36-5 


II 


26063 


fi 


II 


II 


30 


28-5 


II 


363ia 


25 


44 


3026 


26 


36-6 


0-767 


13399 


)> 


II 


II 


30 


28-5 


II 


18153 


»l 


II 


II 


35 


18-2 


II 


27858 


»> 


35 


5840 


26 


36-8 


1-460 


26842 


II 


ft 


II 


30 


28-6 


l» 


36011 


if 


II 


II 


36 


18-2 


II 


53728 


II 


30 


11780 


26 


36-6 


2-945 


52126 


„ 


II 


II 


30 


28-5 


ff 


70621 


II 


II 


II 


35 


18-2 


ty 


108376 



24 



370 EVAPORATING AND CONDENSING APPABATUS. 

Table 73 — {continued). 



Vacuum, 700 mm. 




Absolute pressure, 60 mm. 


Temperature, 44° C. 




Total heat, c == 619 caU. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta- 


<.. 


kilos. 


tla. 


mm. 


kilos. 


Litres. 


30 


44 


4108 


30 


28-5 


1027 


24627 


ft 


»> 


ft 


35 


18-2 


ft 


37794 


i» 


ft 


ft 


40 


51 


ft 


143780 


)) 


35 


11680 


30 


28-5 


2-920 


70022 


ft 


ft 


ft 


35 


18-2 


tf 


10746 


ft 


tt 


tf 


40 


51 


tt 


408800 


35 


44 


6410 


35 


18-2 


1-603 


58990 


*f 


tt 


tt 


40 


51 


ft 


224420 


40 


44 


14425 


40 


51 


3-606 


504840 


Vacuum, 710 mm. 




Absolute pressure, S( 


) mm. 


Temperature, 38° C. 




Total heat, c = 618 c 


sals. 


5 


38 


1758 


5 


435 


0-440 


6090 


M 


tt 


ft 


10 


40-8 


»» 


7642 


ft 


tt 


ft 


15 


37-3 


ft 


7366 


tf 


30 


2352 


6 


43-5 


0-588 


8138 


l» 


tt 


tt 


10 


408 


)) 


10078 


»l 


ft 


tf 


15 


37-3 


tt 


9843 


tt 


25 


2965 


5 


43-5 


0-741 


10255 


ft 


tt 


tt 


10 


40-8 


If 


12601 


ft 


ft 


ft 


15 


37-3 


f 1 


12404 


10 


38 


2071 


10 


40-8 


0-518 


8878 


ft 


tt 


tt 


15 


37-3 


ff 


8668 


tt 


tf 


tt 


20 


32-6 


ff 


10117 


tf 


80 


2690 


10 


40-8 


0-672 


11527 


tt 


ft 


tt 


15 


37-3 


r> 


11267 



THE AIR FROM DRY CONDENSERS. 
Table 73 — (continued). 



371 



Vacuum, 710 mm. 




Absolate 


pressure, 60 


mm. 1 


Temperature, 88 


°c. 




Total heat, c = 618 cals. 1 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


PreBSure. 


Weight. 


Volume. 


ture. 


ture. 










ta- 


te^ 


kilos. 


tu.. 


mm. 


kilos. 


Litres. 


10 


30 


2690 


20 


32-6 


0-672 


13124 


II 


25 


3953 


10 


40-8 


0-988 


16934 


II 


II 


II 


15 


37-3 


II 


16539 


If 


II 


II 


20 


32-6 


II 


19295 


16 


38 


2609 


15 


37-3 


0-662 


10914 


II 


II 


II 


20 


32-6 


II 


12732 


II 


II 


II 


25 


26-5 


II 


15936 


II 


30 


3920 


15 


37-3 


0-980 


16406 


II 


II 


II 


20 


32-6 


II 


19239 


II 


II 


II 


25 


26-5 


II 


23951 


II 


25 


5930 


16 


37-3 


1-482 


13849 


II 


II 


II 


20 


32-6 


II 


28943 


II 


II 


II 


25 


26-6 


II 


36220 


20 


38 


3277 


20 


32-6 


0-819 


15995 


II 


l> 


II 


25 


26-5 


»i 


20016 


11 


II 


II 


30 


18-5 


II 


30745 


II 


30 


5888 


20 


32-2 


1-470 


18709 


II 


11 


II 


25 


26-5 


II 


35927 


II 


II 


II 


30 


18-6 


II 


55184 


II 


25 


11860 


20 


32-6 


2-970 


68004 


II 


II 


II 


25 


26-5 


II 


72587 


II 


II 


II 


30 


18-6 


>i 


111494 


25 


38 


4530 


25 


26-6 


1132 


27678 


II 


II 


II 


30 


18-5 


II 


42514 


11 


11 


II 


35 


8-2 


If 


96263 


n 


30 


11760 


25 


26-5 


2-940 


71854 


II 


II 


II 


30 


18-5 


,, 


110368 


II 


II 


II 


35 


8-2 


»» 


249900 

1 



372 EVAPORATING AND CONDENSING APPARATUS. 

Table 73 — {continued). 



Vacuxim, 710 mm. 




Absolute pressure, 60 mm. 


Temperature, 38° C. 




Total heat, c = 618 ocOs. 


Cooling water. 


Tempera- 
tuie. 


Air. 




Initial 


Final 










tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










tm. 


t.. 


kilos. 


<<«. 


mm. 


kilos. 


Litres. 


30 


38 


7250 


30 


18-5 


1-812 


68022 


if 


If 


ti 


35 


8-2 


f f 


154700 


35 


38 


19333 


35 


8-2 


4-833 


410806 


Vacuum, 720 mm. 




Absolute pressure, 40 mm. 


Temperatuie, 34-5° C. 




Total heat, c = 617 caU. 


5 


34-5 


1974 


5 


33-5 


0-494 


8916 


t* 


ft 


ff 


10 


30-8 


ff 


9840 


l» 


ft 


»f 


15 


27-3 


f» 


11288 


It 


25 


2960 


5 


33-5 


0-740 


13356 


tt 


)y 


f f 


10 


30-8 


f f 


14541 


l» 


ft 


f 1 


15 


27-3 


ff 


16909 


f} 


20 


3980 


5 


33-5 


0-996 


17955 


»» 


tt 


f» 


10 


30-8 


„ 


19820 


If 


tt 


»f 


16 


27-3 


ff 


22736 


10 


34-6 


2377 


10 


30-8 


0-594 


11832 


tf 


If 


ff 


15 


27-3 


ff 


13573 


it 


ft 


ff 


20 


22-6 


f f 


16846 


ft 


25 


3948 


10 


30-8 


0-987 


19661 


ff 


tt 


tt 


15 


27-3 


f f 


22533 


tf 


tf 


tf 


20 


22-6 


f> 


27991 


ft 


20 


5970 


10 


30-8 


1-493 


29740 


11 


It 


If 


15 


27-3 


ff 


34121 


tt 


tt 


ff 


20 


22-6 


ff 


42741 


15 


34-6 


3000 


15 


27-3 


0-750 


17138 


tt 


tt 


tt 


20 


22-6 


tt 


21270 



THE AIR PROM DRY CONDENSERS. 
Tablb 73 — {continued). 



373 



Vacuum, 720 mm. 




Absolute pressure, 40 mm. 


Temperature, 84-6° C. 




Total heat, c - 617 nals. 


Cooling water. 


Air. 


Initial 
tempera- 


Final 
tempera- 


Weight. 


Tempera- 
ture. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










^«. 


^. 


kilos. 


tla. 


mm. 


kilos. 


Litres. 


15 


34-5 


3000 


25 


16-5 


0-750 


29108 


tt 


25 


5920 


15 


27-3 


1-480 


33818 


tf 


i» 


tt 


20 


22-6 


tt 


41973 


tt 


If 


tt 


25 


16-5 


tt 


57439 


t> 


20 


11940 


15 


27-3 


2-985 


68207 


tt 


tt 


it 


20 


22-6 


II 


84654 


tt 


It 


tt 


25 


16-5 


II 


115850 


20 


34-5 


3949 


20 


22-6 


0-987 


27991 


tt 


tt 


tt 


25 


16-5 


II 


38305 


tt 


tt 


It 


30 


8-5 


II 


87676 


tt 


25 


11840 


20 


22-6 


2-960 


85945 


tt 


tt 


tt 


25 


16-6 


II 


114878 


tt 


tt 


tt 


30 


8-5 


II 


262936 


25 


34-5 


6131 


25 


16-5 


1-633 


59466 


it 


it 


tt 


30 


8-5 


II 


136176 


30 


34-6 


12947 


30 


8-5 


3-236 


287494 


Vacuum, 780 mm. 




Absolute pressure, S( 


)mm. 


Temperature, 29° C. 




Total heat, c = 615 < 


saU. 


5 


29 


2443 


5 


23-5 0-611 


15782 


tt 


tt 


»l 


10 


20-8 


18087 


tt 


it 


tt 


15 


17-3 


II 


21972 


It 


20 


3966 


5 


23-6 


0-991 


26697 


tt 


)} 


It 


10 


20-8 


tj 


29440 


tt 


tt 


tt 


15 


17-3 


ti 


35636 


It 


15 


6000 


5 


23-5 1-500 


38740 



374 EVAPORATING AND CONDENSING APPARATUS. 

Table 73 — {continiied). 



Vacuum, 780 mm. 




Absolute pressure, 30 mm. 


Temperature, 2£ 


>°a 




Total heat, c = 616 oals. 


Cooling water. 


Air. 


Initial 


Final 




Tempera- 
ture. 








tempera- 


tempera- 


Weight. 


Pressure. 


Weight. 


Volume. 


ture. 


ture. 










ta. 


t.. 


kilos. 


<«.. 


mm. 


kilos. 


Litres. 


5 


16 


6000 


10 


20-8 


1-500 


44382 


»» 


>» 


)) 


16 


17-3 


It 


53940 


10 


29 


3084 


10 


20-8 


0-771 


20612 


tJ 


tt 


tt 


15 


17-3 


tt 


27726 


tt 




tt 


20 


12-6 


tt 


39061 


ft 


20 


6960 


10 


20-8 


1-488 


44027 


it 


tt 


)) 


15 


17-3 


tt 


63508 


ft 


tt 


tt 


20 


12-6 


tt 


75367 


tt 


16 


12000 


10 


20-8 


3-000 


88764 


tt 


tt 


tt 


15 


17-3 


tt 


106788 


»f 


tt 


tt 


20 


12-6 


It 


151960 


16 


29 


4185 


15 


17-3 


1046 


37494 


tt 


tt 


tt 


20 


12-6 


II 


52980 


tt 


tt 


tt 


25 


6-5 


II 


101012 


tt 


20 


11900 


15 


17-3 


2-976 


86981 


tt 


tf 


tt 


20 


12-6 


II 


150684 


tt 


tt 


It 


25 


6-5 


II 


287296 


20 


29 


6611 


20 


12-6 


1-628 


82468 


It 


)) 


l> 


25 


6-5 


II 


157916 


26 


29 


14650 


25 


6-5 


3-660 


353446 


Vacuum, 740 m 


m. 




Absolute pressure, 20 mm. 


Temperature, 2. 


ro. 




Total heat, c = 618 cals. 


5 


21 


3694 


5 


13-5 


0-924 


41626 


tt 


It 


tt 


10 


10-8 


tt 


52742 



THE AIR FROM SURFACE-CONDENSERS. 

Table 73 — (contintied). 



375 



Vaouum, 740 mm. Absolute pressure, 20 mm. 
Temperature, 21° C. Total heat, c = 618 cals. 


Cooling water. 


Air. 


Initial 
tempera- 
ture. 


Final 
tempera- 
ture. 


Weight, 
kilos. 


Tempera- 
ture. 


Pressure, 
mm. 


Weight. 
ki]08. 


Volume. 
Litres. 


5 

11 
11 
11 
11 
»» 
11 

10 

11 
11 
11 
11 

11 ■ 

15 
20 


21 
15 
11 
11 
10 

11 
11 

21 

11 

16 

11 

11 

21 

ff 

11 


3694 
5980 

It 

12060 

11 
11 

5382 

11 

11960 

>» 
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20 
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20 
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13-6 
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7-3 
13-5 
10-8 

7-3 

10-8 
7-3 
2-6 

10-8 
7-3 
2-6 

7-3 
2-6 

2-6 


0-924 
1-495 

11 
It 

3015 

11 
11 

1-345 

11 

2-990 

11 
11 

2-467 

19 

14-800 


79679 
67350 
85335 
128718 
135600 
171280 
268699 

76773 
116983 
246718 
170670 
257886 
566243 

212737 
460696 

2708812 



D. The Volume of Air to be Exhausted from Surface- 
condensers. 

The cooling water does not come in contact with the interior of 
surface-condensers, from which the air-pomp exhausts; hence the 
air carried by this water has not in this case to be taken away by the 
pump. In surface-condensers the air-pumps have only to extract 
the air introduced from the liquid to be evaporated or distilled and 
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by leakages in the apparatus. The pumps may, therefore, be 
smaller for surface- than for jet-condensers. 

Since there is no experimental guide to the quantity of air intro- 
duced by these means, we can only rely on the general experience 
that the volume of air to be exhausted from surface-condensers is 
about 0*6 of that from jet-condensers. The temperature of this air 
is that of the condensed liquid after it has been cooled. If the 
condensed liquid has the temperature t^, which is a few degrees 
higher than that of the entering cooling water, then the volume of 
air to be exhausted per 100 kilos, of condensed liquid is : 

V^ , 0-6^(273 + U29-27 x 760 ^262) 

These volumes of air may be found by multiplying by 0*6 those 
given in Table 73 for dry jet-condensers. 

Both wet and dry air-pumps may be used in connection with 
surface-condensers — the former when the condensed liquid is to be 
taken together with the air, the latter when the distillate is caught 
and carried away separately. 

The wet air-pump of a surface-condenser has to exhaust, per 100 
kilos, of distillate, the volume : 

7,„ = 100+7,. ntres (263) 

The dry air-pump has to exhaust the volume : 

F^ = F^ Utres (264) 



CHAPTER XXIV. 

A FEW REMARKS ON AIR-PUMPS AND THE VACUA THEY PRODUCE. 

There are two chief forms of air-pump used in connection with 
evaporating apparatus — (A) air-pumps with flap-valves; (B) with 
slide-valves. 

A. Air-pumps with Fiap-vaives. 

The valves of these pumps are sheets of rubber or metal, which are 
opened and closed by the pressure of the air without mechanical aid. 
They are called *' wet " air-pumps if they are to exhaust the warm 
(condensed) water together with the air. Since the water can never 
be given as high a velocity in the pump as the air, these pumps must 
possess much larger valves if they are to exhaust water than when 
they extract air only. The speed also should not be very high in the 
former case— about 30-50 revolutions per minute. There is another 
reason why the speed of wet air-pumps should not be too high— it is 
desirable to expel at each stroke the whole quantity of air brought in 
during that stroke, which can only be accomphshed when the air is 
first expelled through the water, which must be as quiescent as 
possible, and which is then itself expelled. If the air and water are 
mixed, which is the case when the water is in too violent motion in 
the pump, they are both expelled together through the valve, but only 
a portion of each, and there remains much air in the cylinder, which 
condition diminishes the efficiency of the next stroke. The larger 
valves and passages of the wet pumps cause them to have as a rule 
greater dead spaces than the slide-valve pumps described later. We 
shall at once see what influence this has upon the action of the pump. 

When a pump with flap-valves is used as a dry pump, %,e., when, 
along with the air, it does not take in water which would All the dead 
space and to a great extent neutraUse its effect, it is advisable to allow a 
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small regulated quantity of cold water or glycerin to enter the pump 
at each stroke and be expelled, in order to overcome the dead space. 
(German Pat. No. 24,092 of C. Heckmann, Berlin). 

If the water which is sucked in is cold and the pump does not 
work too rapidly, very good results can be obtained with wet air- 
pumps. Vacua of 700-720, or even 730 mm., can be permanently 
maintained in the evaporating apparatus. 

Generally speaking, the flap-valve pumps are less sensitive and 
less exposed to slight accidents than slide-valve pumps, so that they are 
suitable for small and medium capacities. They have the further ad- 
vantage, that they can themselves pump from the well the water for the 
condenser, which it is convenient to attach directly to the pump. Thus 
no special water pump is required, which is necessary with dry con- 
densers in the great majority of cases. This suction of the water from 
a tank or well at a lower level is always permissible if the water level 
is not more than 5 m. below the middle of the pump. It is, however, 
advisable to arrange, for starting and special requirements, a small cold 
water supply-pipe, which can be used for a short time to commence the 
condensation when the apparatus is first set in motion. 



B. Slide-valve Air-pumps. 

In these pumps the ports by which the air enters and leaves are 
mechanically opened. As a rule they should exhaust no water with 
the air, and are, therefore, called "dry" pumps. Their dead spaces 
are smaller, their speed can be greater (60-200 revolutions per minute), 
and they are specially suitable for large capacities. They require a 
surface- or a dry-condenser (if possible counter-current), and they 
use less power than wet pumps. But since the dry (fall-pipe) con- 
densers must lie at least 10*2 m. above the water level, they almost 
always require a special water pump to remove the injected water. 

In order to remove the diminution in eflBciency produced by the 
dead spaces, Wellner proposed many years ago to equalise the pressure 
at the dead-point, and now almost all air-pumps are provided with 
arrangements of this kind. 

When the piston of the air-pump has nearly reached the dead- 
point, in the small space, F„ in front of the piston there is air at the 
atmospheric pressure, p, and in the large space behind the piston. 
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J + F„ there is air at a very much lower pressure. At this moment^ 
the entrance and exit to the cyhnder being closed, the two ends of the 
cylinder are put in communication. The compressed air enters both 
ends of the cylinder, expands, and now after the equalisation there i& 
on both sides of the piston the same pressure : 

P-'7?W. (266) 

The communication between the two ends of the cyhnder is then 
shut off, the new stroke begins, and almost at once the suction 
commences. 

The details of the arrangements for equaHsing the pressure are 
different with different makers, and will not be further considered 
here. 

The question, to what vacmim (to what lowest absolute pressure,. 
p^) a vessel can be exhausted, is answered in the following manner : — 

A vessel of the volume Vg is to be exhausted by a double-action 
pump, without equalisation of pressure, with a cylinder of volume J ; 

let the ratio, j^ ^ /3, the original pressure in the vessel = p, and the 

pressure after n half-strokes = p„. 

This pressure is (after A. v. Ihering, Die Gebldse) : 

"■'iF-riii'-v)] <^««> 

in which the ratio of the dead spaces to the volume traversed by the- 

V 
piston, -J = € and 6 = 1 -h a(l -h c). 

After an infinite number of strokes the pressure in the vessel is,, 
therefore : 

P« = l^, (267> 

If the pump is provided with a complete equalisation of pressure,, 
then the pressure in the vessel after n half-strokes is : 

in which c = 1 + 2c -Hc^. After an infinite number of strokes the 
pressure is very nearly 

^ Pf Si ^ /269V 

^- ~ (1 -h C) (1 + 2€ -H €i) " 1 + €* 1 + 2c + Cj • ^^''''^ 
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Tablb 74. 

The lowest pressures, p^, which oan be reached by air-pumps, with 

and without complete equalisation of pressure, at proportions of 

V 
the dead space, c =» j, from 001 - 0*20. 
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0-00912 


6-707 
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84-4 
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001133 


8-33 
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001290 
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0-1051 


0150 
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0-165 
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0-175 
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113-2 
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0-01985 


14-60 
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0-1290 


0-186 
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002156 


16-84 


744-2 


0-1336 


0-200 


0-1723 
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002435 


17-95 
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In order to obtain a representation of the efifect of the dead spaces 
and of the equalisation of pressure, Table 74 has been drawn up. It 
gives, by means of equation (269), the final pressure obtained after 
an infinite number of strokes in a vessel, in which the pressure was 
originally p, for pumps with and without the equalisation of pressure. 
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Various dimensions are assumed for the dead spaces (c = 0*01 - 0'20) 
and for the ratio of the volume of the equalising channel to the 

7 
volume traversed by the piston — €„ = -y = 0*016. 

This Table 74 shows the great extent to which the injurious 
action of the dead spaces is reduced by the equalisation of pressure^ 
even when it is not quite complete, which would be the case in 
practice. It also shows what vacua can theoretically be obtained 
with dry air-pumps under various conditions. 



CHAPTER XXV. 

THE VOLUMETRIC EFFICIENCY OF AIR-PUMPS. 
(See A. V. Ihering, Die Oebldse.^ 

A. Air-pumps without Equalisation of Pressure. 

When the piston reaches the end of its stroke, after the air has been 
expelled there remains in a small portion of the cylinder — the dead 
space — the volume, F„ at the pressure of the atmosphere, p. As 
soon as the piston recedes, this volume, V,, expands, and continues to 
expand until its pressure is equal to that in the vessel to be evacuated, 
Pq, Let the space through which the piston has then travelled = F,. 
(These conditions are the same both for air-pumps, which are to 
create or maintain the very small pressure, p^y in a vessel and which 
expel the exhausted air into the atmosphere at the pressure, p, and 
also for compressors, which press the air from the atmosphere, where 
the pressure is jp^, into a vessel, in which the pressure, j9, is to be 
maintained.) 

Air is warmed by compression; this is the case when air at a 
very small absolute pressure (a partial vacuum) is brought to the 
pressure of the atmosphere, just as when air at atmospheric pressure 
is compressed. 

Let the temperature of the compressed air be T, its temperature 
after expansion to the pressure, p^, be T^, then by Mariotte's law 

^-^^Po (270) 

whence 

T T 
F, = — t±-T^ (271) 
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If F« is the volume through which the piston travels whilst 
exhausting, and / the total volume it describes, then 

7 - F, = v.. 
Therefore 

(III _ ^Vo 

r. = J-^ ^ " (272) 

Po 

uJp _ t/ypXy 

F. = / - \-^ ^ ° (273) 

P<, 

The ratio of the Tolume dviring exhaustion, V, (the useful work), 

to the whole volume of the stroke, /, i.e., the volumetric efficiency, 

X„, is, therefore. 



and since F, = €J 






X« = 7 = l- ' ^ "' ■ • • • (274) 



•(.^ ?• - <"'> 

This is the volumetric efficiency for the condition that the heat 
produced in compression is in no way lost. This is called adiabatic 
compression. 

From this equation we see that the volumetric efficiency is 
greater : — 

1. The smaller the dead space, c. 

2. The lower the ratio of the pressure of compression to the 
pressure of the exhausted air (i.e., in compressors, the lower the air 
pressure to be attained ; in vacuum pumps, the smaller is the vacuum 
to be produced). 

3. The higher the temperature of the compressed air and the 
lower that of the exhausted air {i.e., the greater the difference in 
temperature between exhausted and compressed a^). 

Thus in order to obtain high volumetric efficiency artificial cooling 
during compression is not advantageous, but is advantageous during 
the period of expansion. 

The ooohng may be effected by means of a jacket or by injecting 
water ; the latter is more effective, but necessitates a slower speed and 
readily causes fouHng. 
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If complete cooling were attained, bo that the air was at a constant 
temperature during the whole operation, then T» T^, and the efficiency 
equation would be 

^"-'-•(s-^) ■ <"»> 

Compression under these conditions is called isothermal. 

Generally complete cooling is not obtained, although attempts are 
made ; a condition occurs which is a mean between complete cooling 
and absence of cooling, which is known as polytropic compression. 
The useful work may then be expressed as the mean of the results of 
equations (275) and (276) :— 

Now in determining the useful work in adiabatic compression the 
temperatures T and Tq are not known ; if the useful work is to be 
calculated these factors must be replaced by others which are known. 
This is efifected by means of Poisson's law (the so-called involuted 
Mariotte's law), by which the pressures may be put in place of the 
temperatures : — 

inwhich ^ = S = mS = 1*^1 (279) 

or ^- = 0-7092 (280) 

(Ti is the specific heat of air at constant pressure = 0*2375. 

0-, is the specific heat of air at constant volume = 0*16847. 

If these values be inserted in equation (275), we obtain an equation 
for the adiabatic efficiency, from which numerical results can be 
obtained : — 

B. Air-pumps with Equalisation of Pressure. 

When the piston reaches the end of its stroke, the condition of 
the air in the dead space before the equalisation of pressure, assuming 
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that the equalismg channel, F„, is always in communication with the 
compressed air, is : — 

V -^ V 
' rp > (282) 

in the other and larger space the condition is : — 

^+ V. 

—T^Po (283) 

After the equalisation of pressure has taken place the condition 
is: — 

/ + 27, + F, 

jr 'p. (284) 

and since the conditions before and after equalisation must be 
equal : — 



H^y.'t\.-i±^^,tl-y.. 



f"' T. » T. 



'0 



(286) 



(^•^ . ^^■..)T. 



If we put V, = cJ and 7„ = €„/ and eliminate /, then 

^.= - 1-^+-^— • • • • (287) 
/(*_±«.) P , IJlAt 

^ = ^ '^ Po ^»"^ f 288^ 

Po l + 2c+*. (288) 

Id itothemuU compression, in which all' the tempeiatareB remain 
constant, T - T. = T,, and 

(« + «.)f + (1 + c) 
fr lA^c. (289) 

In finding the equation for the adiahatic compression (291) it is 
permissible to put T„ » Tq, which is not correct, but causes only an 
inconsiderable error. Equation (288) then becomes 

p (« + *.)|,§ + (i + «) 

25 
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Table 76. Part I. 

p, pressure after equalisation 
The isotheruoal and adiabatic values of - = pressure in empty vessel, 

0*01-0*20, and for isothermal and adia- 
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Table 75. Pabt I. 
and the volumetric effioiency, x*» ^^^ air-pumps aad compressors, 
with and mthaut equalisation of pressure, with dead spaces, c, from 
batic compression. €„ is taken at 0*015. 
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Table 75. Part II. 
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space. 


t. 








■ 










70 1 


253 1 


380 


V. 


Adiabatic, 








1 






a. 






P _ 


pressure 


of the atmosphere 










J>0 


pressure 


in evacuated vessel 


1-1 


1-1 


1-5 


1-6 


2 


2 


Volumetric 


efficiency, x.. of air-pumps 


and oom- 


001 


i 


0-999 


0-999 


0-995 


0-999 


0-990 


0-999 




a 


0-999 


0-999 


0-997 


0-999 


0-993 


0-999 


002 




0-998 


0-999 


0-990 


0-999 


0-980 


0-999 




a 


0-998 


0-999 


0-994 


0-999 


0-987 


0-999 


003 




0-997 


0-999 


0-995 


0-999 


0-970 


0-999 




a 


0-997 


0-997 


0-990 


999 


0-981 


0-999 


0-04 




0-996 


0-999 


0-980 


0-999 


0-960 


0-998 




a 


0-997 


0-999 


0-987 


1-012 


0-975 


0-999 


005 


, 


0-995 


0-999 


0-976 


0-999 


0-960 


0-997 




a 


0-996 


0-999 


0-984 


0999 


0-967 


0-999 


006 




0-994 


0-999 


0-970 


0-998 


0-940 


0-996 




a 


0-995 


0-999 


0-980 


0-999 


0-962 


0-999 


007 


* 


0-993 


0-999 


0-965 


0-998 


0-930 


0995 




a 


0-995 


0-999 


0-977 


0-999 


0-955 


0-999 


008 




0-992 


0-999 


0-960 


0-997 


0-920 


0-993 




a 


0-994 


0-999 


0-973 


0-999 


0-950 


0-999 


009 




0-991 


0-999 


0-965 


0-996 


0-910 


0-992 




a 


0-994 


0-999 


0-970 


0-999 


0-943 


0-999 


010 




0-990 


0-999 


0-960 


0-995 


0-900 


0-991 




a 


0-993 


0-999 


0-967 


0-999 


0-937 


0-999 


1-125 




0-988 


0-998 


0-937 


0-993 


0-875 


0-986 




a 


0-991 


0-999 


959 


0-999 


0-916 


0-999 


0150 




0-985 


0-998 


0-925 


0-991 


0-850 


0-981 




a 


0-990 


0-999 


0-950 


0-999 


0905 


0-999 


0175 




0-983 


0-997 


0-912 


0-988 


0-825 


0-977 




a 


0-987 


0-999 


0-942 


0-999 


0-880 


0-999 


0-200 




0-980 


0-996 


0-900 


0-999 


0-820 


0-999 




a 


0-986 


0-999 


0-934 


0-986 


0-874 


0-970 
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Table 75. . Pabt II. 







O = without equalisation of ] 


pressure. 










m = with 


equalisation of pressure. 









m 


" 


" 1 





m 





m 


Vacuum in mm. of mercury. 


4< 


i6 


50 


' 1 

lel 


543 


580 


pressur 


B in compression vesi 










" presgi 


ire of the t 


atmosphere 










2-6 


28 
ith and wi 


8 


8 


3-5 


3-5 


4-11 


4-H 


pressors w 


thout equi 


tlisation of pressure 








0-986 


0-999 


0-980 


0-999 


0-975 


0-999 


0-969 


0-999 


0-991 


0-999 


0-989 


0-999 


0-986 


0-999 


0-983 


0-999 


0-970 


0-999 


0-960 


0-998 


0-950 


0-998 


0-938 


0-998 


0-982 


0-999 


0-977 


0-999 


0-972 


0-999 


0-966 


0-999 


0-955 


0-998 


0-940 


0-998 


0-925 


0-997 


0-907 


0-996 


0-973 


0-999 


0-965 


0-999 


0-968 


0-899 


0-949 


0-998 


0-940 


0-997 


0-920 


0-996 


0-900 


0-995 


0-876 


0-994 


0-964 


0-999 


0-953 


0-999 


0-944 


0-999 


0-932 


0-998 


0-925 


0-996 


0-900 


0-994 


0-875 


0-993 


0-844 


0-991 


0-954 


0-999 


0-941 


0-999 


0-929 


0-999 


0-916 


0-998 


0-910 


0-994 


0-883 


0-992 


0-860 


0-991 


0-814 


0-988 


0-945 


0-999 


0-930 


0-999 


0-916 


0-998 


0-893 


0-997 


0-895 


0-992 


0-860 


0-991 


0-825 


0-989 


0-783 


0-983 


0-936 


0-999 


0-912 


0-997 


0-900 


0-997 


0-881 


0-996 


0-880 


0-991 


0-840 


0-988 


0-780 


0-984 


0-761 


0-980 


0-927 


0-999 


0-906 


0-998 


0-886 


0-997 


0-863 


0-996 


0-865 


0-998 


0-820 


0-985 


0-775 


0-980 


0-720 


0-976 


0-917 


0-999 


0'894 


0-998 


0-872 


0-997 


0-847 


0-996 


0-850 


0-985 


0-800 


0-981 


0-750 


0-974 


0-689 


0-966 


0-909 


0-999 


0-882 


0-998 


0-867 


0-996 


0-828 


0-994 


0-812 


0-980 


0-750 


0-971 


0-688 


0-965 


0-612 


0-964 


0-884 


0-999 


0-853 


0-996 


0-822 


0-995 


0-827 


0-992 


0-775 


0-973 


0-700 


0-962 


0-625 


0-953 


0-533 


0-940 


0-860 


0-999 


0-823 


0-996 


0-786 


0-991 


0-785 


0-989 


0-738 


0-965 


0-650 


0-961 


0-563 


0-938 


0-456 


0-926 


0-838 


0-999 


0-794 


0-968 


0-780 


0-968 


0-742 


0986 


0-700 


0-999 


0-600 


0-940 


0-500 


0-924 


0-378 


0-983 


0-814 


0-966 


0-765 


0-994 


0-714 


0-989 


0-655 


0-906 
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Table 75. Part 1L— (continued). 







O = without equalisation of pressure. 


Dead 


Iso- 
thermal, 


at = with equalisation of pressure. 





m 1 


m 1 m 


m 


Vaouam in mm. of mercury. 


Space. 
V. 


t. 


600 1 620 1 640 1 660 


Adia- 




-J = *- 


batio, 


p pressure of the atmosphere 




a. 


J?, ~ pressure in evacuated vessel 


4-74 4-74 1 6-88 { 5-38 1 6-33 


6-83 1 7-6 7-6 


Volumetric efficiency, xn ot air-pumps and com- 


001 




0-963 


0-999 


0-956 


0-999 


0-947 


0-999 


0-934 


0-998 




a 


0-980 


0-999 


0-977 


0-999 


0-973 


0-999 


0-968 


0-999 


002 




0-925 


0-998 


0-912 


0-997 


0-893 


0-997 


0-868 


0-996 




a 


0-960 


0-999 


0964 


0-999 


0-947 


0-999 


0-936 


0-999 


003 




0-888 


0-995 


0-878 


0-994 


0-840 


0-993 


0-802 


0-992 




a 


0-940 


0-998 


0-931 


0-998 


0-920 


0-998 


0-904 


0-997 


004 




0-851 


0-993 


0-825 


0-991 


0-787 


0-990 


0-736 


0-987 




a 


0-920 


0-998 


0-908 


0-997 


0-883 


0-997 


0-872 


0-996 


005 




0-813 


0-990 


0-781 


0-983 


0-734 


0-984 


0-670 


0-987 




a 


0-900 


0-998 


0-885 


0-997 


0-866 


0-996 


0-840 


0-996 


006 




0-776 


0-986 


0-738 


0-983 


0-680 


0-879 


0-604 


0-975 




a 


0-880 


0-997 


0-862 


0-996 


0-839 


0-994 


0-808 


0-992 


007 




0-738 


0-982 


0-694 


0-978 


0-627 


0-973 


0-538 


0-966 




a 


0-860 


0-995 


0-839 


0-993 


0-812 


0-992 


0-776 


0-989 


008 




0-701 


0-976 


0-650 


0-972 


0-674 


968 


0-472 


0-958 




a 


0-840 


0-995 


0-816 


0-993 


0-785 


0-992 


0-744 


0-989 


009 




0-664 


0-972 


0-606 


0-967 


0-520 


0-960 


0-406 


0-948 




a 


0-820 


0-994 


0-793 


0-992 


0760 


0-990 


0-712 


0-987 


010 




0-620 


0-966 


0-562 


0-959 


0-467 


0-960 


0-340 


0-938 




a 


0-800 


0-963 


0-770 


0-990 


0-731 


0-988 


0-680 


0-985 


0125 




0-533 


0-941 


0-463 


0-949 


0-334 


0-926 


0-175 


0-916 




a 


0-748 


0-989 


0-715 


0-986 


0-663 


0-983 


0-600 


0-976 


0150 




0-439 


0-928 


0-343 


0-923 


0-201 


0-900 


0-010 


0-887 




a 


0-698 


0-985 


0-655 


0-982 


0-600 


0-978 


0-520 


0-971 


0-175 




0-344 


0-909 


0-234 


0-906 


0063 


0-871 





0-84O 




a 


0-660 


,0-981 


0-600 


0-976 


0-600 


0-971 


0-440 


0-962 


0-200 




0-252 


0-978 


0-124 


0-971 





0-963 


— 


0-954 




a 


0-598 


0-888 


0-540 


0-868 


0-460 


0-838 


0-360 


0-698 
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Table 75. Part II. — (contimted). 



O = without equaliaation of pressure. 


m = with eqaalisation of pressure. 


m 1 


m 1 


- 1 


?n 1 "' 1 


Vacuum in mm. of mercury. 1 


680 1 700 1 720 1 


740 1 760 


pressure in compression vessel 


I 




°' pressure of the atmosphere 


9-6 


9-6 1267 


12-67 1 19 


19 


36 36 j 75-0 1 75-0 


pressors with and without equalisation of pressure. 


0-915 


0-998 


0-883 


0-997 


0-820 


0-996 


0-660 


0-992 


0-26 


0-982 


0-961 


0-999 


0-953 


999 


0-930 


0-999 


0-883 


0-998 





0-997 


0-830 


0-994 


0-767 


0-993 


0-640 


0-987 


0-300 


0-977 





0-960 


0-922 


0-999 


0900 


0-999 


0-860 


0-998 


0-767 


0-995 





0-991 


0-745 


0-989 


0-640 


0-987 


0-460 


0-978 





0-957 





0-936 


0-882 


0-997 


0-860 


0-996 


0-790 


0-996 


0'650 


0-991 





0-984 


0-660 


0-983 


0-634 


0-970 


0-280 


0-964 





0-932 





0-849 


0-853 


0-996 


0-800 


0-994 


0-720 


0-993 


0-533 


0-980 





0-974 


0-575 


0-976 


0-417 


0-967 


0-100 


0-953 





0-890 





0-780 


.0-804 


0-993 


0-750 


0-991 


0-650 


0-989 


0-416 


0-979 


— 


0-963 


0-490 


0-968 


0-300 


0-954 





0-941 





0-862 


^_ 


703 


0-765 


0-997 


0-700 


0-988 


0-580 


0-986 


0-299 


0-977 





0-961 


0-405 


0-957 


0-183 


0-941 





0-928 





0-821 





0-612 


0-725 


0-988 


0-650 


0-985 


0-510 


0-981 


0-182 


0-962 





0-937 


0-310 


0-944 


0-068 


0-924 





0-917 





0-776 





0-516 


0-686 


0-986 


0-600 


0-981 


0-440 


0-976 


0-045 


0-955 





0-923 


0-235 


0-934 


— 


0-909 


— 


0-859 





0-784 





0-411 


0-647 


0-983 


0-550 


0-967 


0-370 


0-970 


— 


0-949 


— 


0-903 


0-150 


0-920 





0-886 





0-830 





0-669 





0-290 


0-607 


0-980 


0-500 


0-970 


0-800 


0-963 





0-937 





0-885 





0-883 





0-838 





0-750 





0520 








0-509 


0-971 


0-377 


0-968 


0-118 


0-945 





0-908 





0-835 


— 


0-841 


— 


0-771 


— 


0-673 





0-338 





— 


0-410 


0-960 


0-246 


0-948 


— 


0-925 





0-876 





0-780 





0-792 





0-712 





0-552 





0-167 








0-330 


0-940 


0-130 


0-935 


— 


0-898 





0-848 





0-720 





0-934 





0-909 


— 


0-860 














0-214 


0-542 


— 


0-445 


— 


0-259 




0-805 





0-652 
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or, applying Poisson's law, 






After equalisation has taken place, the equalising channel at the 
piston end of the cylinder is closed, and the piston in returning must 
pass through the space, V,, in order to reduce the pressure, p^^ exist- 
ing after the equahsation to that to he attained, jy^. When this is 
the case, the exhaustion begins, therefore, 

V.V. _ 7, + 7 _ V.V, , V.p, 



"--■(iie-o- 



The isothermal volumetric efficiency is, since T. = T^, 

V, 

= I - «i 



X- = l-f = l-<S-0 .... (292) 

or, inserting the value of ^-from equation (289), 
Pq 

X^°l-1 l/L+c. -U- • (293) 
The adiabatic volumetric efficiency is 

= i-*{(lo)*-'} <'^> 

or, inserting the value of —from equation (291), 
Po 



<-^-.[('^fery-j 



(296) 



All these equations, which appear more unwieldy than they really 
are, are calculated out in Table 75 for many oases, indeed for most 
ordinary cases. 
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P 
In the first place will be found the values of — , calculated by 

means of equations (289) and (291) for most degrees of evacuation 
and compression. The isothermal and adiabatic volumetric effi- 
ciencies can then readily be determined by the aid of equations (293) 
and (296). The calculated values of these efficiencies are given in the 
second part of Table 75, together with those for pumps without 
equalisation of pressure (equations (276) and (281)), so that all cal- 
culable efficiencies may be examined together, which was the purpose 
of this table. From this comparison it may be seen that the volvmetric 
efficiency is th^ greatest lohen no heat is taken from the air-pum^p, 
and that the cooling of the cylinder of the air-pttmp, when only the 
volumetric effect is in contemplation, is rather injurious thorn, useful. 
But all these figures do not quite represent actual practice, for, whether 
artificial cooling is applied or not, a certain and not inappreciable 
cooling takes place through the metal walls. The so-called polytropic 
compression then occurs, which is approximately represented by 
taking for each case the mean between completely cooled and un- 
cooled air-pumps. This assumption corresponds best to the reality, 
and in most ordinary cases the difference is not very great. 



CHAPTER XXVI. 

DETERMINATION OF THE VOLUME OF AIR, F,, WHICH MUST BE 
EXHAUSTED PROM A VESSEL CONTAINING THE VOLUME, 
V>, AT THE PRESSURE, pa, IN ORDER TO REACH THE LOWER 
PRESSURE, p.. 

(After F. J. Weiss. Zeits, d, V. d, Ing„ 1886, 646.) 

Sometimes it is required to know bow large an air pump must be in 
order to exbaust a vessel of known capacity in a definite time down 
to a certain degree of vacuum, or tbe reverse : in wbat time a certain 
vessel can be exhausted down to a certain vacuum by means of tbe 
pump provided. 

Let Vg = tbe volume of tbe vessel in litres. 

J = tbe useful volume of tbe air pump in litres. 
p„ = tbe initial pressure in tbe vessel in atmos. 
p^ « tbe final pressure in tbe vessel in atmos. 
F, = tbe volume in litres wbicb must be exbausted in order 
to reduce the pressure from p„ to p^. 
If tbe pressure in tbe vessel after tbe 

1** 2"^ 3"* n'* single stroke 

is p^ i?2 Ps Ve atmos. 

tben 

^^(F, + J) =;>,7„ therefore pi=p«^^^ (297) 

V^iYy ^- «0 = ViV, ,, V-2 = Pxyjl j--Pn (pr^y (298) 

Pz( v.^^-^P^Va » p,- ^w~rj ^ -P- (^v'^l-jf ^^^^ 
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KvrhJ <^«^> 



or £ 

i>. 

log P^ 

whence n %— (302) 

log— !-2— 

V 
If rj^ — i— be expanded in a binomial series and the higher powers. 

of ^ neglected because of their smallness, then 

or: 

log^^ = log(l-0 (304> 

If now log (1 - — j be expanded in a series and higher powers, 
neglected, we obtain 

When this value is inserted in equation (302) we have : 

n^—f (306) 

or nJ =vJ-log£^\ (307) 

Now nJ is the total volume, which is to be exhausted from the 
vessel, i.e., through which the piston has to run, in order to reduce 
the contents from the pressure Pa to the pressure p^, therefore 

n/=F,= F,^-log£^j (308> 

j?e is always less than p^, therefore log ^ is always negative, and 

Pa 

consequently - log^ always positive. 

Pa 
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Table 76. 

Examples of the volame, F,, in litres, which must be exhausted from 
vessels containing Y, = 500 to 4500 litres of air, in order to reduce 
the original internal pressure Pa = 1 atmos. abs. (760 mm. of 
mercury) to O-9-O'Ol atmos. abs. (vacua of 76 to 7544 mm.). 



1 


2 


3 


4 


5 


6 


7 8 I 9 1 10 11 


H 






If the original pressure of the atmos. abs. in a vessel of 






the capacity V, is to be brought to the lower 


The pressure in 




pressure f, atmos., the air pump has to 


the vessel is to 




exhaust the following volumes, 


be diminished 




\\ in litres. 


from the 
atmospheric 


Log 






pressure p. to 


y. 


Capacity of the vessel, Vf, in litres. 


the abs. 


t.e., toa 




















pressure 


vacuum 
of 




500 


1000 


1500 


2000 


2500 


3000 


3600 


4000 


4500 


Volume to be exhausted, T'', in litres. 


atmos. 


mm. 






0-9 


76 


0105 


53 


105; 158^ 210; 263 


315 


368 


420 


473 


0-8 


152 


0-223 


112 


223! 3361 446i 668 


669 


781 


892 


1004 


0-7 


228 


0-867 


176 


351' 627i 702l 878 


1053 


1229 


1404 


1760 


0-6 


334 


0-511 


256 


51i: 767:1022; 1288 


1635 


1789 


2044 


2310 


0-5 


380 


0-693 


347 


6931040|l386| 1733 


2079 


2426 


2762 


3119 


0-4 


456 


0-916 


458 


916'1374!l832l 2290 


2748 


3206 


3664 


412i 


0-3 


532 


1-204 


602 


1204'1806!2408; 3010 


3612 


4214 


4816 


5418 


0-25 


570 


1-386 


693 


1385!2078|2770| 3463 


4155 


4848 


5640 


6233 


0-2 


608 


1-61 


810 


16102415132201 4025 


4830 


5635 


6440 


724S 


015 


646 


1-90 


950 1900 2850'3800 4750 


5700 


6650 


7600 


8650 


01 


684 


2-30 


1150!2300 3460,4600' 6750 


6900 


8050 


9200 


1056Q 


009 


691-6 


2-41 


120612410 3616l4820; 6026 


7230 


8435 


9640 


10846 


008 


699-2 


2-63 


1265,2530;37956060 6325 


7590 


8855 


10120 


11385 


007 


706-8 


2-66 


1330:266039905320' 6650 


7980 


9310 


10640 


11970 


006 


717-4 


2-81 


140512810:42165620 7025 


8430 


9836 


11240 


12646 


005 


722 


3-00 


1500i3000 4500 6000 7500 


9000 


10500 


12000 


13500 


004 


729-6 


3-22 


1610|3220 4830 6440! 8050 


9660 


11270 


12880 


14490 


003 


737-2 


3-61 


1755|3510 5265 7020 8775 


10530 


12286 


14040 


15795 


002 


761-1 


3-91 


1950 3910 5865|7820 9775 


11730 


13685 


15640 


17595 


001 


753-4 


4-61 


2305,4610 6915,9220 11525 

1 1 , ' 


13830 


16135 


18440 


20745 
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li pa = 1) i'^'f i^ tihe absolute pressure in the vessel at the begin- 
ning is 1 atmos., then log p^ ^ 0, and the expression becomes 
Vi^ Yg ( - log p^, which is always positive since p^ must be less 
than 1. 

Table 76 has been calculated by means of this formula. It gives 
immediately the volume, F„ which must be exhausted from vessels 
of Vg = 500 to 4,500 litres capacity, in order to reduce the contents from 
the absolute pressure of 1 atmos. to the desired lower pressure, p^. 
The number of strokes required for this purpose is obtained from the 
dimensions of the pump. If the time be given in which the desired 
effect is to be produced, the dimensions can readily be found. The 
table shows at once that almost as many strokes (or as much time) are 
required to reduce the pressure of 1 atmos. down to 01 atmos., 
as O'l to O'Ol atmos. 

If it is required to reduce the pressure in a vessel from p^, which 
is lower than 1 atmos., to the still lower pressure p^, in order to find 
the volume of air to be exhausted in that case, it is only necessary to 
subtract the volume, which must be exhausted in order to reduce the 
pressure from 1 to p^, from that required to reduce the pressure from 
1 to p^. 

Examples, — (a) A vessel of the capacity of Vg = 2,000 litres, in which the 
absolute pressure j^a = 1 atmos., is to be evacuated down to 0*2 atmos. 

Table 76, column 7, line 9 shows that 8,220 litres must be exhausted for this 
purpose. 

(6) The pressure in a vessel of the capacity, Vg = 2,000 litres is 0-5 atmos. ; it 
is to be reduced to 0*2 atmos. What volume must be exhausted ? 

Prom Table 76, column 7, line 9 it is seen that, in order to reduce the pres- 
sure in the vessel from 1 atmos. to 0*2 atmos., 8,220 litres must be exhausted, 
and column 7, line 5, shows that 1,886 litres must be exhausted in order to 
reduce the pressure in the vessel from 1 atmos. to 0*5 atmos. 

Thus, to reduce the pressure in the vessel from 0*5 to 0*2 atmos., 8,220 - 
1,886 = 1,884 litres must be pumped out, whence the dimensions of the air pump 
can be determined. 
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Acetic acid, 59. 
Air, cooling by, 283. 

water, 335. 

water by, 321. 

— in steam, 29. 

— pipes, 173, 176. 
diameter of, 225. 

— pumps, 209, 341, 878, 396. 

efficiency of, 382. 

Alcohol, 59, 

— vapour in pipes, 170, 172, 174. 



B. 



Bends in pipes, 180. 

Benzene, 59. 

Boiling points in evaporating liquids, 74. 

in vacuo, 59. 

Bubbles of liquid, 155. 

steam, 160. 

Butyric acid, 59. 



Carbolic acid, 59. 

Coefficient of conductivity, 35. 

transmission of heat, 1, 24, 35, 36, 

39, 43, 263, 265, 304. 
Colls, dimensions of, 45. 

— steam, 33, 42, 138, 293. 
Comparison of weights and measures, 

six. 
Cendensed water, 34. 
Condensers, 207. 

— counter-current, 237. 

— open surface-, 287. 

— parallel-current, 239. 

— jet, 207. 

dry, 212, 246, 352. 

wet, 211, 244, 341. 

Condensing pipes, 277. 

— surfaces, 266. 



Conduction, 191. 
Conductivity co-efficient, 85. 
Contents, table of, iz. 
Contractions, list of, xzi. 
Coolers, 255. 

— open surface, 318. 

dimensions of, 321. 

Cooler tubes, 274. 
Cooling by air, 283. 
evaporation, 302. 

— discontinuous, 317. 

— liquids, 301. 

— periodic, 317. 

— pipe, dimensions of, 307. 

— surfaces, 266, 290. 

— towers, 331. 

— water, 212, 259. 
Counter-currents, 9. 

condensers, 237. 

Cresol, 59. 
Currents, counter, 9. 

— of steam and air, pressure of, 117. 

— parallel, 9. 



Diameter of pipes, 161. 

water-pipes, 178. 

Distillation in steam, 19. 
Distribution of water, 219, 243, 263. 
Double bottoms, 33, 53, 138, 298. 
— effect evaporator, 66, 81, 90. 99. 
Drops of water, 227, 234. 



E. 



Elbows in pipes, 180. 

Equalisation of pressure, 878. 

Escape of heat, 193. 

Ether, 59. 

Evaporating liquids, boiling point of, 74. 

splashing of, 132. 

— surface, 51. 
Evaporation, 26, 58. 
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Evaporation, cooling by, 802. 

— in a vacuum, 56. 

— self, 67. 

Evaporative capacity, 62. 
Evaporator, double effect, 65, 81, 90, 99. 

— multiple — , 62, 197. 

— quadruple — , 81, 90, 99. 

— triple — , 66. 
Extra steam, 62, 95, 114. 



Falling drops, 122. 

Fall in temperature, 72. 

— pipe, 215. 

Fire, heating by, 12, 138. 

Flap valves, 378. 

Froth separator, 128, 156. 

Fuels, properties of, 14. 



G. 



Glycerin, 59. 



Heaters, steam, 134. 
Heat, escape of, 193. 
Heating surfaces, 16, 34. 

of multiple evaporator. 111. 

Heat, loss of, 190. 

experiments on, 198. 

— required in superheating, 22. 
Height of splashes, 182, 139. 
Horizontal tubes, 138. 



Ice, introduction of, 301. 
Incrustations, 37, 55. 
Injected water, 226. 
fall of. 2.37. 



Jackets, 53. 
Jet-condensers, 207. 

dry, 212, 246, 852. 

wet, 211, 244, 341. 

Jets of water, 227, 234. 



Liquid, bubbles of, 155. 
— in multiple evaporator, strength of, 
88, 103. 109. 



Loss of heat, 190. 

experiments on, 198. 

— pressure in pipes, 163. 



Machines, refrigerating, 813. 
Mercury, 59. 

Metal, heating surface of, 34, 42, 44. 
Motion of floating drops of water, 122. 
Multiple-e£Eeot evaporator, 62, 197. 
— evaporator, liquid in, 58. 



N. 

Naphthol, 59. 
Non-conducting materials, 205. 



Oily matter, 278, 282. 

Open surface condensers, 287. 

coolers, 818. 

dimensions of, 321. 

Overflows, 219, 221, 253. 



Parallel currents, 9. 

— current condensers, 287. 
Pipes, bends in, 180. 

— diameter of, 161. 

— elbows in, 180. 

— loss of pressure in, 163. 

— velocity of steam in, 167. 
water in, 181, 182, 308. 

— waste water, 215. 

— water, diameter of, 178. 

supply, 213. 

Prefaces, iii., vi., vii. 
Pressure, loss of, in pipes, 163. 

— of currents of steam and air, 117. 

— upon drops of water, 117. 

— vapour, 58. 



Quadruple-effect evaporator, 81, 90, 99. 



Radiation, 190. 
Refrigerating machines, 813. 
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Self-evaporation, 67. 
Separator, froth, 128, 156. 
Sheets of water, 227. 
SUls, 219, 221, 253. 
Sieves, 220, 228. 
Slide valves, 878. 
Splashes, height of, 132, 189. 

— velocity of, 183. 

Splashing of evaporating liquids, 182. 
Sprinkler, 228. 
Steam at rest, 298. 

— hubbies, 160. 

— coils, 38, 89, 42, 45, 298. 
dimensions of, 45. 

— extra, 62, 95, 114. 

— heaters, 184. 

— in pipes, velocity of, 167. 

— pipes, 161. 

diameter of, 225, 240. 

— pressure of currents of, 117. 

— saturated, 18, 28. 

— injection of, 18. 

— properties of, 80. 

— superheated, 21. 

— through vcdves, 60. 
Stirrers, 60. 

Strength of liquor, 88, 108, 109. 
Superheating steam, 22. 
Surface-condensers, 207, 255, 875. 
open, 287. 

— coolers, open, 818, 821. 

— evaporating, 67. 
Surfaces, condensing, 266. 

— cooling, 266, 290. 
Symbols, list of, xxi. 



Tables, list of, xv. 
Temperature difference, 1. 
mean, 7, 256. 



Temperature, fall in, 72. 
Towers, cooling, 881. 
Transference of heat, 28. 
Transmission of heat, 1, 18. 
Triple-effect evaporator, 66, 81, 90. 99. 
Tubes, condenser, 275. 

— cooler, 274. 

— horizontal, 138. 
Tubular heaters, 38. 
Turpentine, 59. 



Vacuum, 28, 56. 

— apparatus, 56. 
Valves, 50, 180, 870. 
Vapour, alcohol, 170, 172, 174. 

— pressures, 58, 74. 
Velocity in pipes, 181, 308. 

— of splashes, 133. 

— steam and gases, 120. 
Viscous liquids, .87. 



w. 

Waste- water pipe, 215. 
Water, condensed, 84. 

— cooling, 212, 259. 

air by, 385. 

by air, 823. 

— distribution of, 219, 243, 258. 

— drops of, 117, 122, 227, 284. 

— injected, 226. 

— jets of, 227, 284. 

— pipes, diameter of, 178, 242. 

— sheets of, 219, 227, 234. 
— . supply pipe, 218. 

— to be evaporated, 109. 

— velocity in pipes, 181, 182, 808. 
Weights and measures, xix. 
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TECHNOLOGY OF PETROLEUM: Oil Fields of the 
World— Their History, Geography and Geology — Annual Production 
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ing- House — Plan showing Arrangement of Clarifying Vats — Plan showing Position of Ev-apora- 
tors — Description of Evaporators — Sulphurous Acid Generator — Clarification of Liquors — 
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Chemical Characteristics of Iron and Aluminium— Analysis of Various Aluminous 
or Ferruginous Products — Alummium — Analysing: Aluminium Products — Alunite 
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tions, Formulx, and Tables for Use in Practice. Translated from the 
German of E. Hausbrand. Two folding Diagrams and Thirteen Tables. 
Crown 8vo. 1901. 72 pp. Price 5s.; India and Colonies, 5s. 6d. ; 
Other Countries, 6s. ; strictly net. 

{For Contents see next page.) 
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Contents. 

British and Metric Systems Compared — Centigrade and Fahr. Thermometer*— Estimation 
of the Maximum Weight of Saturated Aqueous Vapour which can be contained in 1 kilo, 
of Air at Different Pressure and Tempemtures— Calculation of the Necessary Weight and 
Volume of Air, and of the Least Expenditure of Heat, per Drying Apparatus with Heated 
Air, at the Atmospheric Pressure: A, With the Assumption that the Air is Completely Satur- 
ated M'ith Vapour both before Entry and aFter Exit from the Apparatus—/^, When the 
Atmospheric Air is Completely Saturated be/ore entry\ but at its exit is only i, ^or } Saturated 
— C, When the Atmospheric Air is not Saturated with Moisture before Entering the Drying 
Apparatus— Drying Apparatus in which, in the Drying Chamber, a Pressure is Artificially 
Created, Higher or Lower than that of the Atmosphere— Drying by Means of Superheated 
Steam, without Air— Heating Surface, Velocity of the Air Current, Dimensions of the Dr>-ing 
Room, Surface of the Dryinjr Material. Losses of Heat — Index. 

(See also •' Evaporating, C ndnising and Cooling Apparatus,''' p. 26.) 

PURE AIR, OZONE AND WATER. A Practical Treatise 
of their Utilisation and Value in Oil, Grease, Soap, Paint. Glue and 
other Industries. By W. B. Cowell. Twelve Illustrations. Crown 
8vo. 85 pp. 1900. Price 5s.; India and Colonies, 5s. 6d. ; Other 
Countries, 6s. ; strictly net. 

Contents. 

Atmospheric Air : Lifting of Liquids; Suction Process; Preparing Blown Oils: Preparing 
Siccative Drying Oils— Compressed Air: Whitewash— Liquid Air; Retrocession — Purification 
of Water; Water Hardness— Fleshings and Bones— Ozonised Air in the Bleaching and De- 
odorising of Pats, Glues, etc. ; Bleaching Textile Fibres— Appendix : Air and Gases ; Pressure 
of Air at Various Temperatures; Fuel: Table of Combustibles; Saving of Fuel by Heating 
Feed Water; Table of Solubilities oF Scale Making Minerals: British Thermal Units Tables : 
Volume of the Flow of Steam into the Atmosphere : Temperature of Steam — Index. 

THE INDUSTRIAL USES OF WATER. COMPOSI- 
TION — EFFECTS— TROUBLES — REMEDIES— RE- 
SIDUARY WATERS— PURIFICATION— ANALYSIS. 

By H. DE LA Coux. Royal 8vo. Translated from the French. 364 pp. 
135 Illustrations. 1903. Price 10s. 6d. : Colonies, lis.; Other Countries. 
12s. ; strictly net. [In the press. 

Contents. 

Chemical Action of Water in Nature and in Industrial Use— Conifoiiition of Waters — 
Solubility of Certain Salts in Water Considered from the Industrial Point of View— Effects on 
the Boihnx of Water— Effects of Water in the Industries— Difficulties wiih Watei^-Feed 
Water for Boilers — Water in Dyeworks, Print Works, and Bleach Works— Water in the 
Textile Industries and m Conditioning — Water in Soap Works — Water in Laundries and 
Washhouscs— Water in Tanning — Water in Preraring Tannin and Dyewood Extracts — Water 
in Papermaking — Water in Photography W'ater in Supiir Kefining— Water in Making Ices 
and Beverages— Water in Cider Making— Water in Brew ing — W aterin Distilling— Preliminary 
Treatment and Apparatus — Substances Used for Preliminary Chemical Pi rif! cat ion— Com- 
mercial Specialities and their Employment — Precipitati< n of Matters in Suspension in Water 
— Apparatus for the Preliminary Chemical PuriHcation of Water— Industrial Filters — Indus- 
trial Sterilisation of Water — Kesiduary Waters and their Purification — Soil Filtration — 
Purification by Chemical Processes — Analyses— Index. 

{See Books on Smoke Prevtution, Engineering t.nd Metallurgy, p, 26, ete.) 



Industrial Hygiene. 

THE RISKS AND DANGERS TO HEALTH OF VARI- 
OUS OCCUPATIONS AND THEIR PREVENTION. 

By Leonard A. Parry, M.D., B.S. (Lond.). 196 pp. Demy 8vo. 1900 . 
Price 7s. 6d.; India and Colonies. 8s. : Other Countries, 8s. 6d. ; strictly 
net. 

Contents. 

Occupations which are Accompanied by the Generation and Scattering of Abnormal 
(}uantities of Dust — Trades in which there is Danger of Metallic Potsonin|{-—Certain Chemi- 
cal Trades — Some Miscellaneous Occupations — Trades in which Various Poisonous Vapours 
are Inhaled — General Hygienic Considerations — Index. 
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X Rays. 



PRACTICAL X RAY WORK. By Frank T. Addymak, 
B.Sc. (Lond.), F.I.C., Member of the Roentgen Society of London ; 
Radiographer to St. George's Hospital ; Demonstrator of Physics and 
Chemistry, and Teacher of Radiography in St. George's Hospital 
Medical School. Demy 8vo. Twelve Plates from Photographs of X Ray 
Work. Fifty-two Illustrations. 200 pp. 1901. Price 10s. 6d. ; India 
and Colonies, lis.; Other Countries, 12s.; strictly net. 

Contents- 
Historical — Work leading up to the Discovery oi the X Rays — The Discovery— Appara- 
tiM and its Management— Electrical Terms— Sources of Electricity— Induction Coils- 
Electrostatic Machines— Tubes— Air Pumps— Tube Holders and Stereoscopic Apparatus- 
Fluorescent Screens— Practical X Ray Worl(— Installations— Radioscopy — Radiography— 
X Rays in Dentistry — X Rays in Chemistry — X Rays in War— Index. 

List of Plates. 

/•>on/is^f>cc;— Coni<enitaI Dislocation of Hip-Joint. — 1., Needle in Finger. — 11., Needle in 
Foot.— III., Revolver Bullet in Calf and Leg.— IV., A Method of Localisation.— V.. Stellate 
Fracture of Patella showing shadow of "Strapping". — VI., Sarcoma. — VI i.. Six-weeks-old 
Iqjury to Elbow showing new Growth of Bone. — VIII., Old Fracture of Tibia and Fibula 
badly set.— IX., Heart Shadow.— X., Fractured Femur showing Grain of Splint.— XL. Bar- 
ren's Method of Localisation. 

India- Rubber and Gutta Percha. 

INDIA:RUBBER AND GUTTA PERCHA. Translated 
from the French of T. Seeligmann, G. Lamy Torvilhon and H. 
Falconnet by John Geddes McIntosh. Royal 8vo. Eighty-six 
Illustrations. "^ Three Plates. 412 pages. 1903. Price 128. 6d. ; 
India and Colonies, 13s. 6d. ; Other Countries, 15s.; strictly net. 
Contents. 

India- Rubber— Botanical Origin — Climatology— Soil — Rational Culture and Acclimation 
of the Different Species of India-Rubber Plants— Alet hods of Obtaming the Latex — Methods 
of Preparing Raw or Crude India-Rubber — Classification of the Commercial Species of 
Raw Rubber— Physical and Chemical Properties of the Latex and of India-Rubber— 
Mechanical Transformation of Natural Caoutchouc into Washed or Normal Caoutchouc 
(Purification) and Normal Rubber into Masticated Rubber — Softening, Cutting, Washing, 
Drying— Preliminary Observations — Vulcanisation of Normal Rubber — Chemical and Physical 
Properties of Vulcanised Rubber — General Considerations — Hardened Rubber or Ebonite — 
Considerations on Mineralisation and other Mixtures — Coloration and Dyeing — Analysis 
of Natural or Normal Rubber and Vulcanised Rubber — Rubber Substitutes — Imitation Rubber 

Qutta Percha- Botanical Origin— Climatology-Soil— Rational Culture— Methods of 
Collection — Classification of the Different Species of Commercial Gutta Percha— Physical 
and Chemicjl Properties — Mechanical Transformation — Methods of Analysing — Gutta Percba 
Substitutes— Index. 

Leather Trades. 

PRACTICAL TREATISE ON THE LEATHER IN- 
DUSTRY. By A. M. Villon. Translated by Frank T. 
Addyman, B.Sc. (Lond.), F.I.C., F.C.S. ; and Corrected by an Emi- 
nent Member of the Trade. 500 pp., royal 8vo. 1901. 123 Illustra- 
tions. Price 21s. ; India and Colonies, 22s. ; Other Countries, 23s. 6d. ; 
strictly net. 

Contents. 

Preface — Translator's Preface — List of Illustrations. 

Part 1., Materials used In Tannlni^— Skins: Skin and its Structure; Skins used in 
Tanning; Various Skins and their Uses — Tannin and Tanning Substances: Tannin; Barks 
(Oak); Barks other than Oak; Tanning Woods; Tannin-bearing Leaves; Excrescences; 
Tan-bearing Fruits; Tan-bearing Roots and Bulbs; Tanning Juices; Tanning Substances 
used in Various Countries: Tannin Extracts; Estimation of Tannin and Tannm Principles. 

Part II., Tanning— The Installation of a Tannary: Tan Furnaces: Chimneys, Boilers, 
etc.: Steam Engines — Grinding and Trituration of Tanning Substances: Cutting up Bark: 
Grinding Bark; The Grinding of Tan Woods; Powdering Fruit, Galls and Grains; Notes on 
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the Grinding of Bark — Mauiufacture of Sole Leather : Soaking ; Sweating and Unhairing ; 
Plumping and Colouring; Handling; Tanning; Tanning Elephants' Hides; Drying; 
Striking or Pinning— Manufacture of Dressing Leather : Soaking ; Depilation ; New Pro 
cesses for the Depilation of Skins; Tanning; Cow Hides; Horse Hides; Goat Skins; Manu- 
facture of Split Hides — On Various Methods of Tanning: Nfechanical Methods; Physical 
Methods; Chemical Methods; Tanning with Bxtracts--Quantity and Quality; Quantity; 
Net Cost; Quality of Leather— Various Manipulations of Tanned Leather: Second Tanning; 
Grease Stains; Bleaching Leather; Waterproofing Leather; Weighting Tanned Leather; 
Preservation of Leather— Tanning Various Skins. 

Part III., Curryliig — Waxed Calf: Preparation; Shaving; Stretching or Slicking; 
Oiling the Grain; Oiling the Flesh Side; Whitening and Graining; Waxing; Finishing; Dry 
Finishing; Finishing in Colour; Cost— White Calf: Finishing in White— Cow Hide for 
Upper Leathers: Black Cow Hide; White Cow Hide; Coloured Cow Hide— Smooth Cow 
Hide— Black Leather— Miscellaneous Hides: Horse; Goat; Waxed Goat Skin; Matt Goat 
Skin — Russia Leather: Russia Leather; Artificial Russia Leather. 

Part IV., BnamellMl, Hungarv and Chamoy Leather, Morocco, Parchmetit, Furs 
and Artificial Leathef^-Bnamelled Leather: Varnish Manufacture; Application of the 
Enamel; Enamelling in Colour — Hungary Leather: Preliminary; Wet Work or Prepara- 
tion; Aluming; Dressing or L.oft Work; Tallowing; Hungary Leather from Various Hides 
—Tawing: Preparatory Operations; Dressing; Dyeing Tawed Skins; Rugs— Chamoy Leather 
—Morocco: Preliminary Operations, Morocco Tanning Mordants used in Morocco Manu- 
facture; Natural Colours used in Morocco Dyeing; Artificial Colours; Diflerent Methods 
of Dyeing; Dyeing with Natural Colours; Dyeing with Aniline Colours; Dyeing with 
Metallic Salts; Leather Printin|^; Finishing Morocco ; Shagreen ; Bronzed Leather— Gilding 
and Silvering: Gilding; Silvering; Nickel and Cobalt — Parchment— Furs and Furrier>' : 
Preliminary Remarks; Indigenous Furs; Foreign Furs from Hot Countries; Foreign Furs 
from Cold Countries ; Furs from Birds' Skins ; Preparation of Furs ; Dressing ; Colouring ; 
Preparation of Birds' Skins ; Preservation of Furs— Artificial Leather : Leather made from 
Scraps; Compressed Leather; American Cloth; Papier M&ch6; Linoleum; Artificial Leather. 

Part v., Leather Testing: u>d the Theory of Tannlnir— I'cstinS and Analysis of Leather : 
Physical Testing of Tanned Leather; Chemical Analysis— The Theory of Tanning and the 
other Operations of the Leather and Skin Industry: Theory of Soaking; Theory of Un- 
hairing; Theory of Swelling; Theory of Handling; Theory of Tanning; Theory of the 
Action of Tannin on the Skin; Theory of Hungary Leather Making; Theory of Tawing; 
Theory of Chamoy Leather Making ; Theory of Mineral Tanning. 

Part VI., Vsea of Leather— Machine Belts: Manufacture o? Belting; Leather Chain 
Belts; Various Belts, Use of Belts— Boot and Shoe* making: Boots and Shoes; Laoes— 
Saddlery: Composition of a Saddle; Construction of a Saddle— Harness: The Pack Saddle; 
Harness— Military Eauipment— Glove Making — Carriage Building— Mechanical Uses. 

Appendix, The World*! Commerce ui Leather— Europe ; America; Asia; Africa; 
Australasia— I ndex. 

THE LEATHER WORKER'S MANUAL. Being a Com- 
pendium of Practical Recipes and Working Formulae for Curriers, 
Bootmakers, Leather Dressers, Blacking Manufacturers, Saddlers, 
Fancy Leather Workers. By H. C. Standage. 165 pp. 1900. Price 
7s. 6d. ; India and Colonies, Ss. ; Other Countries, 8s. 6d. ; strictly 
net. 

Contents. 

Blackings, Polishes, Glosses, Dressings, Renovators, etc., for Boot and Shoe Leather — 
Harness Blackings, Dressings, Greases, Compositions, Soaps, and Boot-top Powders and 
Liquids, etc., etc. — Leather Grinders' Sundries— Currier's Seasoninj^s, Blacking Compounds, 
Dressings, Finishes, Glosses, etc.— Dyes and Stains for Leather— Miscellaneous Information 
—Chrome Tannage — Index. 



Books on Pottery, Bricks, 
Tiles, Glass, etc. 

THE MANUAL OF PRACTICAL POTTING. Compiled 
by Experts, and Edited by Chas. F. Binns. Revised Third Edition 
and Enlarged. 200 pp. 1901. Price 17s. 6d. ; India and Colonies. 
188. 6d. ; Other Countries, 20s. ; strictly net. 
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Contents. 

IntrodttCtloa. The Kiae and Progress of the Potter's Art— Bod|«8. China and Porcelain 
Bodies, Parian Bodira, Semi-porcelain and Vitreous Bodies, Mortar Bodies, Earthenwares 
Granite and C.C Bodies, Miscellaneous Bodies, Safjger and Crucible Clays. Coloured 
Bodies, Jasper Bodies, Coloured Bcxlies for Mosaic Painting, Encaustic Tile Bodies, Body 
Stains, Coloured Dips— Glazes. China Glazes, Ironstone Glaxes, Earthenware Glazes, 
Glazes without Lead, Miscellaneous Glazes, Coloured Glazes, Migolica Colours— Odd and 
Oold Colours. Gold, Purple of Cassius, Marone and Ruby, Enamel Coloured Bases, 
Enamel Colour Flunes, Enamel Colours, Mixed Enamel Colours, Antioue and Vellum 
Enamel Colours, Underglaze Colours, Underglaze Colour Fluxes, Mixed Undcrglaze Colours, 
Plow Powders, Oils and Varnishes— Means and Methods. Reclamation of Waste Gold, 
The Use of Cobalt, Notes on Enamel Colours, Liquid or Bright Gold— Classification and 
Analysis. Classification of Clay Ware, Lord Playfalr*s Analysis of Clays, The Markets of 
the World, Time and Scale ot Firing, Weights of Potter's Material, Decorated Goods 
Count— Comparative Loss of Weight ^ Clay»--Ground Felspar Calculations— The Convert 
ftion of Slop Body Recipes into Dry Weight— The Cost of Prepared Earthenware Cla^ — 
Forms and Tables. Articles of Apprenticeship, Manufacturer's Guide to Stocktaking, 
Table of Relative Values of Potter's Materials, Hourly Wages Tabl^, Workman's Settling 
Table, Comparative Guide for Earthenware and China Manufacturers i^ the use of Slop Flint 
and Sk>p Stone, Foreign Terms applied to Earthenware and China Goods, Table for the 
Conversion of Metrical Weights and Measures on the Continent and South America— Index. 

CERAMIC TECHNOLOGY : Being some Aspects of Tech- 
nical Science as Applied to Pottery Manufacture. Edited by Charles 
F. BiNNS. 100 pp. Demy 8vo. 1897. Price 12s. 6d. ; India and 
Colonies, 13s. 6d. ; Other Countries, 15s. ; strictly net. 

Contents. 

Preface — ^The Chemistry of Pottery — Analysis and Synthesis — Clays and their Com- 
ponents — The Biscuit Oven — Pyrometry — Ulaaes and their Composition — Colours and 
Colour-making— index. 

A TREATISE ON THE CERAMIC INDUSTRIES. A 

Complete Manual f6r Pottery, Tile and Brick Works. By Bhilb 
BouRRY. Translated from the French by Wilton P. Rix, Examiner 
in Pottery and Porcelain to the City and Guilds of Lx>ndon Technical 
Institute, Pottery Instructor to the Hanley School Board. Royal 
8vo. 1901. 760 pp. S23 Illustrations. Price 21s.; India and Colonies, 
22s. ; Other Countries, 23s. 6d. ; strictly net. 

Contents. 

Part I., Oeneral Pottery Methods. Definition and History. Definitions and Classifi- 
cation of Ceramic Products— Historic Summary of the Ceramic Art — Raw Materials of 
Bodies. Clays : Pure Clay and Natural Clays — Various Raw Materials : Anaktfous to Cla^ — 
Afiglomerative and Agglutinative— Openin|( — Fusible — Refractory — Trials of Raw Materials 
—Plastic Bodies. Properties and Composition— Preparation of Raw Materials: Disaiur^a- 
tion— Purification— Preparation of Bodies: By Plastic Method — By Dry Method— By Liquid 
Method— Formation. Processes of Formation : Throwing— Expression— Moulding by Hand, 
on the Jolley, by Conipression, by Slip Casting— Slapping— Slipping— [>rying. Drying of 
Bodies— Processes of Drying: By Evaporation— By Aeration— By Heating— By Ventilation 
— By Absorption — Glazes. Composition and Properties — Raw Materuds — Manufacture 
and Application — Firing. Properties of the Bodies and Glazes during Firing — Description 
of the Kilns — Working of the Kilns — Decoration. Colouring Materials — Processes of 
Decoration. 

Part II., Special Pottery Methods. Terra Cottas. Classification: Plain Ordinary, 
Hollow, Ornamental, Vitrified, and Light Bricks— Ordinary and Black Tiles— Paving Tiles- 
Pipes — Architectural Terra Cottas — Vases, Statues and Decorative Objects— Common Pottery 
—Pottery for Water and Filters— Tobacco Pipes— Lustre Ware— Properties and Tests for 
Terra Cottas — Fireclay Goods. Classification : Argillaceous, Aluminous, Carboniferous, 
Silicious and Basic Fireclay Goods — Fireclay Mortar (Pug)— Tests for Fireclay Goods — 
Faiences. Varnished Faiences— Enamelled Faiences— Silicious Faiences — Pipeclay Faiences 
— Pebble Work — Feldspathic Faiences— Composition, Processes of Manufacture and General 
Arrangements of Faience Potteries — Stoneware. Stoneware Properly So-called: Paving 
Tiles— Pipes — Sanitary Ware— Stoneware for Food Purposes and Chemical Productions- 
Architectural Stoneware — Vases, Statues and other Decorative Objects — Fine Stoneware 
—Porcelain. Hard Porcelain for Table Ware and Decoration, for the Fire, for Electrical 
Conduits, for Mechanical Purposes: Architectural Porcelain, and Dull or Biscuit Porcelain — 
Soft Phosphated or English Porcelain— Soft Vitreous Porcelain, French and New Sevres— h 
Argillaceous Soft or S^^r's Porcelain — Dull Soft or Parian Porcelain — Dull Feldspathic 
Soft Porcelain— Index. 
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ARCHITECTURAL POTTERY. Bricks, Tiles, Pipes, Ena- 
melled Terra-cottas, Ordinary and Incrusted Quarries, Stoneware 
Mosaics, Faiences and Architectural Stoneware. By Leon Lep&vrb. 
With Five Plates. 950 Illustrations in the Text, and numerous estimates. 
500 pp., royal 8vo. 1900. Translated from the French by K. H. Bird, 
M.A., and W. Moore Binns. Price 15s. ; India and Colonies, 16s. ; 
Other Countries, 17s. 6d. ; strictly net. 

Contents. 

Part I. Plain UndecomtMl Pottery.— Clays, Bricka, Tiles, Pipes, Chimney Flues, 
Terra-cotta. 

Part II. Made-up or Decorated Pottery. 



THE ART OF RIVETING GLASS, CHINA AND 
EARTHENWARE. By J. Howarth. Second Ediition. 
1900. Paper Cover. Price Is. net ; by post, home or abroad, Is. Id. 



HOW TO ANALYSE CLAY. Practical Methods for Prac- 
tical Men. By H olden M. Ash by, Professor of Organic Chemistry, 
Harvey Medical College. U.S.A. 74 pp. Twenty Illus. 1901. Price 
2s. 6d. ; Abroad, 3s. ; strictly net. 



NOTES ON POTTERY CLAYS. Their Distribution, Pro- 
perties, Uses and Analyses of Ball Clays, China Clays and China 
Stone. By Jas. Fairie, F.G.S. 1901. 132 pp. Crown 8vo. Price 
3s. 6d. ; India and Colonies, 4s. ; Other Countries, 4s. 6d. ; strictly net. 



A Beissue of 
THE HISTORY OF THE STAFFORDSHIRE POTTER- 
lES ; AND THE RISE AND PROGRESS OF THE 
MANUFACTURE OF POTTERY AND PORCELAIN. 

With References to Genuine Specimens, and Notices of Eminent Pot- 
ters. By Simeon Shaw. (Originally Published in 1829.) 265 pp. 
1900. Demy Svo. Price 7s. 6d. ; India and Colonies, 8s. ; Other 
Countries, 8s. 6d. ; strictly net. 

Contents. 

Introductory Chapter showing the position of the Pottery Trade at the present time 
1889)— Preliminary Remarks— The Potteries, comprising Tunstall, Brownhills, Green- 
field and New Field, Golden Hill, Latebrook, Green Lane, Buralem, Longport and Dale Hall, 
Hot Lane and Cobridge, Hanley and Shelton, Etruria, Stoke, Penkhuil, Fenton, Lane Delph, 
Foley, Lane End— On the Origin of the Art, and its Practice among the early Nations — 
Manufacture of Pottery, prior to 170O— The Introducllon of Red Porcelain by Messrs. 
Elers, of Bradwell, 1 69U— Progress of the Manufacture from 1700 to Mr. Wedgwood's 
commencement in 1760— Introduction of Fluid Q laze— Extension of the Manufacture of 
Cream Colour— Mr. Wedgwood's Queen's Ware— Jasper, and Appointment of Potter to Her 
Majesty— Black Pnnting— Introduction of Porcelain. Mr. W. Littler's Porcelain— Mr. 
Cookworthy's Discovery of Kaolin and Petuntse, and Patent — Sold to Mr. Champion — re- 
sold to the New Hall Com.— Extension of Term— Blue Printed Pottery. Mr. Turner, Mr. 
Spode (1), Mr. Baddeley, Mr. Spode (2), Messrs. Turner, Mr. Wood. Mr. Wilson, Mr. Minton— 
Great Change in Patterns of Blue Printed— Introduction of Lustre Pottery. Improve- 
ments in Pottery and Porcelain subsequent to 1800. 
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A Reissue of 
THE CHEMISTRY OF THE SEVERAL NATURAL 
AND ARTIFICIAL HETEROGENEOUS COM- 
POUNDS USED IN MANUFACTURING FOR- 
CELAIN, GLASS AND POTTERY. By Simeon Shaw. 
(Originally published in 1837.) 750 pp. 1900. Royal 8vo. Price Us. ; 
India and Colonies, 15s. ; Other Countries, 16s. 6d. ; strictly net. 

Contents. 

PART r., ANALYSIS AND MATERIALS.— Introduction : Laboratory and Apparatus : 
<EI«raent«—Teinperatur»— Acids and Alliaiics— Tlie Eartlis— Matais. 

PART 11., SYNTHESIS AND COMPOUNDS.— Scienco of Mixing-Bodies : Porcelain 
— Hard, Porcelain— Fritted Bodies, Porcelain— Raw Bodies, Porcelain— Soft, Fritted Bodies, 
Raw Bodies, Stone Bodies, Ironstone, Dry Bodies, Chemical Utensils, Fritted Jasper, Fritted 
Pearl, Fritted Drab, Raw Chemical Utensils, Raw Stone, Raw Jasper, Raw Pearl, Raw Mortar, 
Raw Drab, Raw Brown, Raw Fawn, Raw Cane, Raw Red Porous, Raw Egyptian, Earthenware, 
•Queen's Ware, Cream Colour, Blue and Fancy Printed, Dipped and Mocha, Chalky, Rings, 
-Stilts, etc.— Qlazes: Porcelain— Hard Fritted Porcelain— Soft Fritted Porcelain — Soft 
Raw, Cream Colour Porcelain, Blue Printed Porcelain, Fritted Glazes, Analysis of Fritt, 
Analysts of Glaze, Coloured Glazes, Dips, Smears and Washes; Qiassas: Flint Glass, 
Coloured Glasses, Artificial Garnet, Artificial Emerald, Artificial Amethyst, Artificial Sap- 
phire, Artificial Opal, Plate Glass, Crown Glass, Broad Glass, Bottle Glass, Phosphoric Glass, 
British Steel Glass, Glass-Staining and Painting, Engraving on Glass, Dr. Faraday's Experi- 
ments — Colours: Colour Making, Fluxes or Solvents, Components of the Colours: Reds, 
«tC., from Gold, Carmine or Rose Colour, Purple, Reds, etc., from Iron, Blues, Yellows, 
Oreens, Blacks, White, Silver for Burnishintf, Gold (or Burnishing, Printer's Oil, Lustres. 

TABLES OF THE CHARACTERISTICS OF CHEMICAL SUBSTANCES. 



Glassware, Glass Staining and 
Paintings 

il£CIP£S FOR FLINT GLASS MAKING. By a British 
Glass Master and Mixer. Sixty Recipes. Being Leaves from the 
Mixing Book of several experts in the Flint Glass Trade, containing 
up-to-date recipes and valuable information as to Crystal, Demi-crystal 
and Coloured Glass in its many varieties. It contains the recipes for 
cheap metal suited to pressing, blowing, etc., as ^\ell as the most costly 
crystal and ruby. Crown 8vo. 1900. Price for United Kingdom, 
10s. 6d. ; Abroad, 15s.; United States, $4; strictly net. 

Contents. 

Ruby — Ruby from Copper — Flint lor using with the Ruby for Coating— A German Metal — 
Cornelian, or Alabaster— Sapphire Blue— Crysophisr— Opal — Turquoise Blue— Gold Colour- 
Dark Green — Green (common)— Green for Malachite — Blue for Malachite— Black for Mela- 
chite— Black— Common Canary Batch— Canary— White Opaque Glass— Sealing-wax Red — 
Flint— Flint Glass (Crystal and Demi^Achromatic Glass— Paste Glass— White Enamel- 
Firestone— Dead \Vhite (for moons)— White Agate— Canar>— Canary Enamel— Index. 

A TREATISE ON THE ART OF GLASS PAINTING. 

Prefaced with a Review of Ancient Glass. By Ernest R. Suffling. 
With One Coloured Plate and Thirty-ievcn Illustrations. Demy Svo. 
140 pp. 1902. Price 7s. 6d. ; India and Colonies, 8s. ; Other Countries, 
8s. 6d. net. 

Contents. 

A Short History of Stained Glass— Designing Scale Drawings— Cartoons and the Cut Line 
— Various Kinds of Glass Cutting for Windows — The Colours and Brushes used in Glass 
Painting— Painting on Glass, Dispersed Patterns— Diapered Patterns— Aciding— Firing- 
Fret Lead Glazing— Index. 
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PAINTING ON QLASS AND PORCELAIN AND 
BNAMBL PAINTING. A Complete Introduction to the 
Preparation of all the Colours and Fluxes used for Painting on Porce- 
lain, Enamel, Faience and Stone>\are, the Coloured Pastes and Col- 
oured Glasses, together with a Minute Description of the Firing off 
Colours and Enamels. By Felix Hermann, Technical Chemist. With 
Eighteen Illustrations. 300 pp. Translated from the German second 
and enlarged Edition. 1^97. Price 10s. 6d. ; India and Colonies, 
lis.; Other Ccuntries, 12s.; strictly net. 
Contents. 

Histoid of Glam Pain ttnft— The Articles to be Painted : Olau, Porcelain, Enamel, Stone- 
ware, Faience— Pigments: Metallic Pigments: Antimony Oxide, Naples Yellow, Barium 
Chromate, Lead Chromate, Silver Chloride, Chromic Oxide— Fluxes: Pluxea, Fetepar, 
Quarts, Purifying Quartz, Sedimentation, Quenching, Borax, Boracic Acid, Potassium and 
Sodium Carbonates, Rocaille Flux — Preparation of the Colours for Glass Painting — The 
Colour Pastes— The Coloured Glasses- Composition of the Porcelain Colourv— The* Enamel 
Colours: Enamels for Artistic Work— Metallic Ornamentation: Porcelain Gilding, Glasa 
Gilding— Firing the Colours: Remarks on Firing: Firing Colours on Glass, Firing Colours on 
Porcelain ; The Muffle— Accidents occasionally Supervening during the Process of Firing — 
Remarks on the Different Methods of Painting on Glass, Porcelain, etc.— Appendix : Cleaning 
Old Glass Paintingp. 



Paper Staininge 



THE DYBINQ OF PAPER PULP. A Practical Treatise for 
the use of Papermakers, Paperstainers, Students and others. 1^ 
Julius Bkfurt, Manager of a Paper Mill. Translated into Bnglitb 
and Edited with Additions by Julius Hubnbr, P.C.S., Lecturer on 
Papemiaking at the Manchester Municipal Technical School. With 
Illustrations and 157 patterns Of paper c|y«d In the piilii. Royal 
8vo, 180 pp. 1901. Price ISs. ; India and Colonie*. 16s. ; Other 
Countries, 20s. ; strictly net. Limited edition. 

Contents. 
Behaviour of the Paper Fibres dnrlnff the Proceae of Dyeing. Theofy of the 
Mordaat— Colour Fixing McdiuiBs (Mordants)- Influence of the Quality ol the Water 
Used— Inorganic Coloure—Organlc Coloure- Practical Application of the Coal Tar 
Colours according to tbeir Properties and their Behaviour towards the DMfcrent 
Paper Fibres— Dyed Patterns on Various Pulp Mixtures— Dyeing to S hade Index. 

Enamelling on Metal. 

ENAMELS AMD ENAMELLING. For Enamel Makers, 
Workers in Gold and Silver, and Manufacturers of Objects of Art. 
By Paul Randau. Translated from the German. With Sixteen Illua- 
trations. Demy 8vo. 180 pp. 1900. Price 10s. 6d.; India and 
Colonies, lis.; Other Countries. 12s.; strictly net. 
Contents. 

Composition and Properties of Glass — Raw Materials for the .Manufacture of Hnamcla — 
Substances AddeJ to Produce Opacity--Fiuxes— Pii^nents — Decolonstng Agents — Testing 



the Raw Materials with the Blow-pipe Flame— Subsidiary Materials — Preparing the 
"■""■" -■•• 5 the "■•■•"* ~ -_-..- 

Composition of Enamel Masses — Composition of Masses for Ground Enamels— Composition 



.Materials for Enamel Making— .Mixing the Materials — The Preparation of Technical Enamels* 
The Enamel Mass— Appliances for Smeltmg the Enamel Mass — Smelting the Charge — 



of Cover Enamels — Preparing the Articles for Enamelling — Applying the Enamel — PirinK 
the Ground Enamel— Applying and Firing the Co\er Enamel or Glazie— Repairing Defects 
in Enamelled Ware— Enamellmg Articles of Sheet Metal— Decorating Enamelled Ware — 
Specialities in Enamelling— Dial-plate Enamelling— Enamels for Artistic Purposes, Recipes 
for Enamels of Various Colours — Index. 

THE ART OF ENAMELLING ON METAL. By W. 

Norman Brown. Twenty-eight Illustrations. Crown 8vo. 60 pp. 
1900. Price 2s. 6d. ; Abroad, 3s. ; strictly net. 
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Silk Manufacture • 

SILK THROWING AND WASTE SILK SPINNING. 

By HOLLINS Rayner. Demy 8vo. 170 pp. 117 Illus. 1903. Price 
5s. ; Colonies, 5s. 6d. ; Other Countries, 6s. ; strictly net. 
Contents. 

The Silkworm— Cocoon Reeling and Qualities of Silk— Silk Throwing— Silk Wastes^Tbe 
Preparation of Silk Waste for Degumming— Silk Waste Degumming, Schapping and Dis- 
charging — The Opening and Dressing of Wastes — Silk Waste " Drawing " or " Preparing " 
Machinery — Long Spinning — Short Spinning — Spinning and Finishing Processes — Utilisation 
of Waste Products— Noil Spinning— Exhaust Noil Spinning. 



Books on Textile and Dyeing 
Subjects. 

THE CHEMICAL TECHNOLOGY OF TEXTILE 
FIBRES: Their Origin, Structure, Preparation, Washing, 
Bleaching, Dyeing, Printing and Dressing. By Dr. Georo von 
Georgievics. Translated from the German by Charles Salter. 
320 pp. Forty-seven Illustrations. Royal 8vo. 1902. Price 10s. 6d. ; 
India and Colonies, lis.; Other Countries, 12s. net. 

Contents. 
The Textile Fibres— WMhInsr, Bleaching:, Carbonlslni^-Mordants and Mor- 
dantlnff— Dyeing— Printing— DresslniT and Finishing. 

POWER-LOOM WEAVING AND YARN NUMBERING, 

According to Various Systems, with Conversion Tables. Translated 
from the German of Anthon Gruner. With Twenty-6lx DlaKltuns 
In Colours. 150 pp. 1900. Crown 8vo. Price 78. 6d. ; India and 
Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 

Contents. 
Power- Loom Weaving In Qenerai. Various Systems oF Looms— Mounting and 
Starting the Power- Loom. English Looms— Tappet or Treadle Looms— Dobbies— 
Qenerai Remarks on the Numbering, Reeling and Packing of Yam— Appendix— Useful 
Hints. Calculating Warps— Weft Calculations— Calculations of Cost Price in Hanks. 

TEXTILE RAW MATERIALS AND THEIR CON- 
VERSION INTO YARNS. (The Study of the Raw 
Materials and the Technology of the Spinning Process.) By Julius 
ZipSER. Translated from German by Charles Salter. 302 Illus- 
trations. 500 pp. Demy 8vo. 1901. Price lOs. 6d. ; India and 
Colonies, lis.; Other Countries, 12s.; strictly net. 

Contents. 
PART i.-The Raw Materials Used In the Textile Industry. 

Mineral Raw Materials. Vegetable Raw Materials. Animal Raw Materials. 
PART 11.— The Technology of Spinning or the Conversion of Textile Raw 
Materials into Yarn. 

Spinning Vegetable Raw Materials. Cotton Spinnin^t— Installation of a Cotton 
Mill — Spinninf{ WaKte Cotton and Waste Cotton Yarns— Flax Spinning— Pine Spinning — Tow- 
Spinning — Hemp Spinning — Spinning Hemp Tow String — Jute Spinning — Spinning Jute Line 
Yarn— Utilising Jute Waste. 

PART lii.-SplnnIng Animal Raw Materials. 

Spinning Carded Woollen Yarn — Finishing Yarn — Worsted Spinning— Finishing Worsted 
Yam — Artificial Wool or Shoddy Spinning — Shoddy and Mungo Manufacture— Spinning 
Shoddy and other Wool Substitutes — Spinning Waste Silk— Chappe Silk— Fine Spinning — 
index. 
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THE TECHNICAL TESTING OF YARNS AND TEX- 
TILE FABRICS. With Reference to Official Specifica- 
tions. Translated from the German of Dr. J. Hbrzpeld. Second 
Edition. Sixty-nine Illustrations. 200 pp. Demy 8vo. 1902. Price 
10s. 6d. ; India and Colonies, lis. ; Other Countries, 128. ; strictly net. 

Contents. 
Yam Testing. Determiniiiff the Yarn Number— Testing: the Length of Yams- 
Examination of the External Appearance of Yam— Determining the Twist of Yam 
and Twist— Determination of Tensile Strength and Elasticity — Estimating the 
Percentage of Fat in Yam— Determination of Moisture (Conditioning)— Appendix. 

DECORATIVE AND FANCY TEXTILE FABRICS. 

By R. T. Lord. Manufacturers and Designers of Carpets, Damask, 
Dress and all Textile Fabrics. 200 pp. 1898. Demy 8vo. 132 Designs 
and Illustrations. Price 7s. 6d. ; India and Colonies, 8s. ; Other 
Countries, 8s. 6d. ; strictly net. 

Contents. 

A Few Hinis on Designing Ornamental Textile Fabrics — A Few Hints on Designing Orna- 
mental Textile Fabrics (continued) — A Few Hints on Designing Ornamental Textile Fabrics- 
(continued) — A Few Hints on Designing Ornamental Textile Fabrics (continued) — Hints for 
Rul<»d-paper Draughtsmen — The Jacquard Machine— Brussels and Wilton Carpets — ^Tapestry 
Carpets — Ingrain Carpets — Axminster Carpets — Damask and Tapestry Fabrics — Scarf Silks, 
and Ribbons- Silk Handkerchiefs— Dress Fabrics— Mantle Cloths— Figured Plush— Bed Quilts 
— Calico Printing. 

THEORY AND PRACTICE OF DAMASK WEAVING. 

By H. KiNZER and K. Walter. Royal 8vo. Eighteen Folding Plates. 
Six Illustrations. Translated from the German. 1 10 pp. 1903. Price 
8s. 6d. ; Colonies, 9s. ; Other Countries, 9s. 6d. ; strictly net. 

Contents. 

The Various Sorts ol Damask Fabrics— Drill (Ticking, Handloom-made)— Whole 
Damask for Tablecloths— Damask with Ground- and Connecting-warp Threads— Furniture 
Damask— Lam pas or Hangingsr— Church Damasks— The Manufacture of Whole Damask 

— Damask Arrangement wiihand without Cross- Shedding— The Altered Cone-arrangement— 
The Principle or the Comer Lifting Cord— The Roller Principle- The Combination of the 
Jacquard with the so-called Damask Machine — The Special Damask Machine — The Combina- 
tion of Two Tyings. . 

FAULTS IN THE MANUFACTURE OF WOOLLEN 
GOODS AND THEIR PREVENTION. By Nicolas 
Reiser. Translated from the Second German Edition. Crown 8vo. 
Sixty-three Illustrations. 170 pp 1903. Price 5s. ; Colonics, 5s. 6d, ; 
Other Countries, 6s. ; strictly net. 

contents. 

Improperly Chosen Raw Material or Improper Mixtures — Wrong Treatment of the 
Material in Washing, Carbonisation, Drying. Dyeing and Spinning— Improper Spacing of the 
Goods in the Loom— Wrong Placing of Colours— Wrong Weight or Width of the Goods- 

— Breaking of Warp and Weft Threads— Presence of Doubles, Singles, Thick, Loose, 
and too Hard Twisted Threads as well as Tangles, Thick Knots and the Like— Errors in 
Cross-weaving— Inequalities, t.f., Bands and Stripes— Dirty Borders— Defective Selvedges — 
Holes and Buttons— Kubbed Places— Creases— Spots— Loose and Bad Colours— Bad 1^- Dyed 
Selvedges— Hard Goods— Brittle Goods— Uneven Goods— Removal of Bands, Stripes^ 
Creases and Spots. 

SPINNING AND WEAVING CALCULATIONS, especially 
relating to Woollens. From the German of N. Reiser. Thirty-four 
Illustrations. Tables. [In the />r«j. 

Contents. 

Calculating the Raw Material— Proportion of Different Grades of Wool to Furnish a 
Mixture at a Given Price— Quantity to Produce a Given Length— Yarn Calculations— Yank 
Number— Working Calculations— Calculating the Reed Count — Cost of Weaving, etc. 



21 

WATERPROOFING OP FABRICS. By Dr. S. Mierzinskn 
Crown 8vo. 104 pp. 29 Illus. 1903. Price 5s. ; Colonies, Ss. 6d. ! 
Other Countries, 6s. ; strictly net. 

Contents. 

Introduction — Prdiminary Treatment of the Fabric — Waterproofing with Acetate of 
Alumina— Impregnation of the Fabric— Oryinft — Waterproofing with Paraffin— W^terproofintf 
with Ammonium Cu prate — Waterproofing with Metallic Oxides — Coloured Waterproof 
Fabrics— Waterproofing with Gelatine, Tannin, Caseinate of Lime and other Bodies — Manu- 
facture of Tarpaulin— British Waterproofing Patents — Index. 

HOW TO MAKE A WOOLLEN MILL PAY. By John 
Mackie. Crown 8vo. 76 pp. 1904. Price 3s. 6d ; Colonies, 4s. ; 
Other Countries, 4s. 6d. ; net. 

Contents. 

Blends, Pil-s, or Mixtures of Clean Scoured Wools— Dyed Wool Book— The Order Book 
— Pattern Duplicate Books — Management and Oversight— Constant Inspection of Mill De- 
partments—Importance of Delivering Goods to Tim?, Shade, Strength, etc.— Plums. 
{For ^'Textile Soaps*' see p. 32.) 



Dyeing, Colour Printing, 
Matching and Dye-stuffs. 

THE COLOUR PRINTING OF CARPET YARNS. Manual 

for Colour Chemists and Textile Printers. By David Paterson, 

F.C.S. Seventeen Illustrations. 136 pp. Demy 8vo. 1900. Price 

7s. 6d. ; India and Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 

Contents. 

Structure and Constitution of Wool Fibre — Yarn Scouring — Scourinf! Materials — Water for 
Scouring — Bleaching Carpet Yarns — Colour Making For Yarn Printing— Colour Printing. 
Pastes— Colour Recipes for Yarn Printing— Science of Colour Mixing— Matching of Colours 
—"Hank" Printing— Printing Tapestry Carpet Yarns— Yarn Printing— Steaming Printed 
Yarns— Washing of Steamed Yarns— Aniline Colours Suitable for Yarn Printing — Glossary of 
Dyes and Dye-wares used in Wood Yarn Printing— Appendix. 

THE SCIENCE OF COLOUR MIXING. A Manual in- 
tended for the use of Dyers, Calico Printers and Colour Chemists. By 
David Paterson, F.C.S. Forty-one Illustrations, Five Coloured PlateSy 
and Four Plates showlnR Eleven Dyed Specimens of Fabrics. 132 

pp. Demy l^vo. 1900. Price 7s. 6d. ; India and Colonies, 8s. ; Other 
Countries, 8s. 6d. ; strictly net. 

contents. 

Colour a Sensation ; Colours of Illuminated Bodies ; Colours of Opaque and Transparent 
Bodies; Surface Colour— Analysis of Light; Spectrum; Homogeneous Colours; Ready 
Method of Obtaining a Spectrum — Examination of Solar Spectrum : The Spectroscope and* 
Its Construction : Colounsts* Use of the Spectroscope — Colour by Absorption ; Solutions and 
Dyed Fabrics; Dichroic Coloured Fabrics In Gaslight — Colour Primaries of the Scientist 
trrst/s the Dv'er and Artist; Colour Mixing by Rotation and Lye EKetng ; Hue, Purity,. 
Brightness; Tints: Shades, Scales, Tones, Sad and Sombre Colours— Colour Mixing; Pure 
and Impure Greens, Orange and Violets; Large Variety of Shades from few Colours; Con- 
sideration of the Practical Primaries : Red, Yellow and Blue — Secondary Colours : Nomen- 
clature of Violet and Purple Group; Tints and Shades of Violet: Changes in ArtiKcial Light 
— Tertiary Shades : Broken Hues; Absorption Spectra of Tertiary Shades — Appendix: Four 
Plates with Dyed Specimens Illustrating Text — Index. 

DYERS' MATERIALS: An Introduction to the Examination, 
Evaluation and Application of the most important Substances used in 
Dyeing, Printing, Bleaching and Finishing. By Paul Heerman, Ph.D. 
Translated from the German by. A C. Wright, M.A. (Oxon.), B.Sc. 
(Lond.). Twenty-four Illustrations. Crown 8vo. 150 pp. 1901. Price 
5s. ; India and Colonies, 5s. 6d. ; Other Countries, 6s. ; strictly net. 



22 

OOLOXJR MATCHING ON TEXTILES. A Manual in- 
tended for the use of Students of Colour Chemistry, Dyeing and 
Textile Printing. By David Paterson, F.C.S. Coloured Frontis- 
piece. Twenty-nine Illustrations and Fourteen Speoimens Of Dyed 
Fabrice. DemySvo. 132 pp. 1901. Price 7s. 6d.; India and Colonies, 
8s. ; Other Countries, 8s. 6d. ; strictly net. 

Contents. 

Colour Vision and Structure of the ^re — Perception of Colour— Priaiary and Comple- 
mentary Colour Sensations— Daylight for Colour Matching— Selection of a Good Pure Light 
—Diffused Daylight, Direct Sunlight, Blue Skylight, Variability of Daylight, etc., etc.— 
Matching of Hues — Purity and Luminosity of Colours — Matching Bright Hues— Aid of Tinted 
Films— Matching Difficulties Arising from Contrast — Examination of Colours by Reflected 
and Transmitted Lights — Effect of Lustre and '1 ransparency of Fibres in Colour Matching 
— Matching of Colours on Velvet Pile — Optical Properties of Dye stuffe Dichroism, Fluor- 
escence — Use of Tinted Mediums — Orange Film — Defects of the Eye — Yellowing of the Lens 
—Colour Blindness, etc. — Matching of Dyed Silk Tnmmings and Linings and Bindings— Its 
Difficulties — Behaviour of Shades m Artincial Li^ht — Colour Matching of Old Fabrics, etc. — 
Examination of Dyed Colours under the Artificial Lights — Electric Arc, Magnesium and Dufton, 
Odrdner Lights, Welsbach, Acetylene, etc. — Testing Qualities of an Illuminant — Influence 
of the Absorption Spectrum in Chanees of Hue under the Artificial Lights — Study of the 
Causes of Abnormal Modifications of Hue, etc. 



COLOUR: A HANDBOOK OF THE THEORY OF 
COLOUR. By George H. Hurst, F.C.S. With Ten 
Coloured Plates and Seventy-two Illustrations. 160 pp. Demy 8vo. 
1900. Price 7s. 6d. ; India and Colonies, 8s. ; Other Countries, 8s. 6d. ; 
strictly net. 

Contents. 
Colour and lt« Production— Cause of Colour In Coloured Bodies— Colour Pbeno- 
tnena and Theories— The Physiology of Light— Contrast— Colour in Decoration and 
Design— Measurement of Colour. 



THE DYEING OF COTTON FABRICS: A Practical 
Handbook for the Dyer and Student. By Franklin Beech, Practical 
Colourist and Chemist. 272 pp. Forty-four Illustrations of Bleaching 
and Dyeing Machinery. Demy 8vo. 1901. Price 7s. 6d. ; India 
and Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 

Contents. 

Structure and Chemistry of the Cotton Fibre— Scouring and Bleaching of Cotton —Dyeing 
Machinery and Dyeing Manipulations— Principles and Practice of Cotton Dyeing — Direct 
Dyeing : Direct Dyeing followed by Fixation with Metallic Salts : Direct Dyeing followed by 
Fixation with Developers; Direct Dyeing followed by Fixation with Couplers; Dyeing on 
Tannic Mordant; Dyeing on Metallic Mordant; Production of Colour Direct upon Cottoa 
Fibres ; Dyeing Cotton by Impregnation with Dye-stuff Solution — Dyeing Union (Mixed Cotton 
jand Wool) Fabrics— Dyeing Half Silk (Cotton-Silk, Satin) Fabrics— Operations following 
Dyeing— Washing, Soaping, Drying— Testing of the Colour of Dyed Fabrics — Experimental 
Dyeing and Comparative Dye Testing— Index. 

The book contains numerous recipes for the production on Cotton Fabrics of all kinds of a 
great range of colours. 



THE DYEING OF WOOLLEN FABRICS. By Franklin 

Beech, Practical Colourist and Chemist. Thirty-three Illustrations. 
Demy 8vo. 228 pp. 1902. Price 7s. 6d. ; India and Colonies, 8s. ; 
Other Countries, 8s. 6d. net. 



23 
Contents. 

The Wool Fibre— Structure, Compoeition and Properties— Processes Pre[wnitory to Dyeing: 
— Seoaring and Bleaching of Wool— Dyeing Machinery and Dyeing Manipulations— Loose 
Wool Dyeing, Yarn Dyeing and Piece Dyeing Machinery— The Principles and Practice oF 
Wool Dyeing — Properties of Wool Dyeing— Methods of Wool Dyeing— Groups of Dyes- 
Dyeing with the Direct Dyes— Dyeing with Basic I>res— Dyeing with Acid Dyes— Dyeing 
with Mordant Dyes— Le\-el Dyeing— Blacks on Wool— Reds on Wool— Mordanting of Wool- 
Orange Shades on Wool— Yellow Shades on Wool— Green Shades on Wool— Blue Shades on 
Wool— Violet Shades on Wool— Brown Shades on Wool— Mode Colours on Wool— Dyeing 
Union (Mixed Cotton Wool) Fabrics— Dyeing of Gloria— Operations following Dyeing— 
Washing. Soaping, Drying — Experimental Dyeing and Comparative Dye Testing— Testing of 
the Colour of Dyed Fabrics— Index. 

Reissue of 
THE ART OP DYEING WOOL, SILK AND COTTON. 

Translated from the French of M. Hellot, M. Macqubr and M. lk 
PiLBUR D'Apligny. First Published in English in 1789. Six Plates. 
Demy 8vo. 446 pp. 1901. Price 5s. ; India and Colonies, Ss. 6d. ; 
Other Countries, 68. ; strictly net. 

Contents. 
Part I., The Art of Dyeing Wool and WooUon Cloth. Stuffs. Yam, ^Vorsted, «tc 
Part II., The Art of Dyeing Sillc. Part III., Th« Art of Dyeing Cotton and Linen 
Thread, together with the Method of Stamping 5illcs, Cottons, etc. 

THE CHEMISTRY OP DYE-STUPFS. By Dr. Georo Von 
Georgibvics. Translated from the Second German Edition. 412 pp. 
Demy 8vo. 1903. Price 10s. 6d.; India and Colonies, lis.; Other 
Countries, 12s. ; strictly net. 

Contents. 

Introductioo— Coal Tar— Intermediate Products in the Manufacture of Dye-etuffiB— The 
Artificial Dye-etuffis (Coal-tar Dyes)— Nitroeo Dye-stulls—Nitro Dye stuffs— Azo Dye-stulh— 
Substantive Cotton Dye-stuffs — Azoxystitbene Dye stuffs— Hydrazones— Ketonetmides— 
Triphenylmethane Dye stuffs— Rosolic Acid Dyw-stuns— Xanthene Dye-stuffs— Xanthone Dye- 
stuffs— Flavones—Oxyketone E>>-e-stuflb— {}uinoline and Acrtdine Dye-stuffs -Quinonimide 
or Diphenylamine Dye-stuffis— The Azine Group: Eurhodines, Safranines and Indulines— 
Burhodines — Safranines — Quinoxalines — Indij{o — Dye-stuffis of Unknown Constitution — 
Sulphur or Sulohine Dye stuffs— Development of the Artificial Dye stuff Industry— The 
Natural Dye-stuffs- Mineral Colours — Index. 

Bleaching and Washing. 

A PRACTICAL TREATISE ON THE BLEACHING OF 
LINEN AND COTTON YARN AND FABRICS. By 

L. Tailfbr, Chemical and Mechanical Engineer. Translated from the 
French by John Gbddes McIntosh. Demy 8vo. 303 pp. Twenty 
Illusts. 1901. Price 12s. 6d.; India and Colonies, 13s. 6d.; Other 
Countries, 15s. ; strictly net. 

Contents. 

General Considerations on Bleaching— Steeping— Washing : Its End and Importance- 
Roller Washing Machines— Wash Wheel (Dash Wheel)- Stocks or Wasl^ Mill— Squeezing— 
Lye Boiling — Lye Boiling with Milk of Lime — Lye Boiling with Soda Lyes— Description of 
Lye Boiling Keirs — Operations of Lye Boiling —Concentration of Lyes— Mather and Piatt's. 
Keir— Description of the Keir— Saturation of the Fabrics— Alkali used in Lye Boiling — 



Examples of Processes— Soap— Action of Soap in Bleaching — Quality and Quantity of Soaps 
to use in the Lye — Soap Lyes or Scalds — Soap Scouring Stocks— Bleaching on Grass or on 
the Bleaching Green or Lawn— Chemicking— Remarks on Chlorides and their Decolour- 



ling Action — Chemicking Cisterns — Chemtcking— Strengths, etc. — Sours — Properties of the 
Acids — Effects Produced by Acids— Souring Cisterns— Drying— Drj-ing by Steam— Drying 
by Hot Air — Drying by Air — Damages to Fabrics in Bleaching— Yarn Mildew — Fermentation 
—Iron Rust Spots— Spots from Contact with Wood— Spots incurred on the Bleaching Green 
— Damages arising from the Machines — Examples of Methods used in Bleaching— Linen — 
Cotton — The Valuation of Caustic and Carbonated Alkali (Soda) and General Information 
R^arding these Bodies— Object of Alkalimetry — Titration of Carbonate of Soda— Com- 
parative Table of Different Degrees of Alkalimetrical Strength — Five Problems relative to 
Carbonate of Soda — Caustic Soda, its Properties and Uses — Mixtures of Carbonated and 
Caustic Alkali — Note on \i Process of Manufacturing Caustic Soda and Mixtures of Caustic 
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aod Carbonated Alkali (Soda)— Chlorometry— Titration— Wagner's Chlorometric Method- 
Preparation of Standard Solutions— Apparatus for Chlorine Valuation— Alkali in Exocsa in 
Decolourising Chlorides — Chlorine and Decolourising Chlorides — Synopsis— Chk>rine — 
-Chloride of Lime— Hypochlorite of Soda— Brochoki's Chlorozone— Various Decolourising 
Hypochlorites— Comparison of Chloride of Lime and Hypochlorite of Soda— Water- 
Qualities of Water— Hardness— Dervaux's Purifier— Testing the Purified Water— Diflfereni 
Plant for Purification— Filters— Bleaching of Yarn— Weight of Yarn— Lye Boiling— 
Chemicking— Washing— Bleaching of Cotton Yam— The Installation of a Bleach Works- 
Water Supply — Steam Boilers — Steam Distribution Pipes— Engines— Keirs- Washing— 
Machines— Stocks— Wash Wheels— ChcmicLing and Souring Cisterns— Various— Buildings- 
Addenda— Energy of Decolourising Chlorides and Bleaching bv Electricity and Ozone — 
Energy of Decolourising Chlorides— Chlorides— Production of Chlorine and Hypochlorites 
by Electrolysis— Lunge's Process for increasinj^ the intensity of the Bleaching Power of 
Chloride of Lime — Trilfer's Process for Removing the Excess of Lime or Soda from De- 
•colourising Chlorides— Bleaching by Ozone. 



Cotton Spinning and Combing. 

COTTON SPINNING (First Year). By Thomas Thornlev. 
Spinning Master, Bolton Technical School. 160 pp. Eighty-four lllus- 
traticns. Crown 8vo. 1901. Price 3s.; Abroad, 3s. 6d. ; strictly net. 

Contents. 

Syllabus and Examination Papers of the City and Guilds of London Institute — Cultiva- 
tion, Classification, Ginning, Baling and Mixing of the Raw Cotton — Bale- Breakers, Mixing 
Lattices and Hopper Feeders— Opening and Scutching— Carding— Indexes. 

dOTTON SPINNING (Intermediate, or Second Year). By 
Thomas Thornley. 180 pp. Seventy Illustrations. Crown 8vo. 1901. 
Price 5s. ; India and British Colonies, 5s. 6d. ; Other Countries, 6s. ; 
strictly net. 

Contents. 

Syllabuses and Examination Papers of the City and Guilds of London Institute — ^Tbe 
Combing Process— The Drawing Frame — Bobbin and Fly Frames — Mule Spinning — Ring 
Spinning— General Indexes. 

COTTON SPINNING (Honours, or Third Year). By Thomas 
Thornley. 216 pp. Seventy-four Illustrations. Crown 8vo. 1901. 
Price 5s. ; India and British Colonies, 5s. 6d. ; Other Countries, 6s. ; 
strictly net. 

Contents. 

Syllabuses and Examination Papers of the City and Guilds of London Institute — Cotton — 
The Practical Manipulation of Cotton Spinning Machinery — Doubling and Winding— Reeling 
— Warping — Produttion and Costs — Main Driving— Arrangement of Machinery and Mill 
Planning — Waste and Waste Spinning— Indexes. 

OOTTON COMBING MACHINES. By Thos. Thornley, 
Spinning Master, Technical School, Bolton. Demy 8vo. 117 Illustra- 
tions. 300 pp. 1902. Price 7s. 6d. ; India and Colonies, 8s. ; Other 
Countries, 8s. 6d. net. 

Contents. 

The Sliver Lap Machine and the Ribbon Cap Machine— General Description of the Heilmann 
Comber — The Cam Shaft— On the Detaching and Attaching Mechanism of the Comher — 
Resetting of Combers — The Erection of a Heilmann Comber— Stop Motions: Various Calcu- 
lations— Various Notes and Discussions— Cotton Combing Machines of Continental Make — 
Index. 



25 

Collieries and Mines^ 

RECOVERY WORK AFTER PIT FIRES. A Description 
of the Principal Methods Pursued, especially in Fiery Mines, and of 
the Various Appliances Employed, such as Respiratory and Rescue 
Apparatus, Dams, etc. By Robert Lamprecht, Mining Engineer and 
Manager. Translated from the German. Illustrated by Six large 
Plates, containing Seventy-six Illustrations. 175 pp., demy 8vo. 1901. 
Price 10s. 6d. ; India and Colonies, lis.; Other Countries, 12s.; 
strictly net. 

Contents. 

Causes of Pit Fires— Preventive Regrulation^ : (1) The Outbreak and Rapid Extension 
of a Shaft Fire can be most reliably prevented by Emplo^ring little or no Combustible Material 
in the Construction of the Shsft : (2) Precautions For Rapidly Localising an Outbreak of Fire in 
the Shaft : (3) Preciutions to be Adopted in case those under 1 and 2 hail or Prove Inefficient. 
Precautions g -inst Spontaneous Ignition of Coal. Precautions for Preventing Explosions of 
Fire-damp jinu ..oal Dust. Employment of Electncity in Mining, particularly in Fierjr Pits. 
Experiments on the ignition of Fire-dam|j Mixtures and Clouds or C<nl Dust by Electricitv — 
Indications of an Existinir or Incipient Fire— Appliances tor Worlcing in Irresplrable 
Gases: Respiratory Apparatus: Apparatus- with Air Supply Pipes; Reservoir Apparatus: 
Oxygen Apparatus— Exting'uishing' Pit Fires : (n) Chemical Means ; (6) Extinction with 
Water. Dragging down the Uurnmg Masses and Packing with Clay ; (r) Insulating the Seat 
of the Fire byDams. Dam Building. Analyses of Fire Gases. Isolating the Seat of a Fire 
with Dams: Working in Irrespirahle Oases ("Gas-diving"): Air-Lock Work. Complete 
Isolation of the Pit. Flooding :• Burning Section isolated by means of Dams. Wooden 
Dams: Masonry Dams. Examples of Cylindrical and Dome-shaped Dams. Dam Doors: 
Flooding the Whole Pit— Rescue Stations: <•/) Stations above Ground: (6) Underground 
Rescue Stationn- Spontaneous Ignition of Coal in Bulk— Index. 

VENTILATION IN MINES. By Robert Wabner, Mining 
Engineer. Translated from the German. Royal 8vo. Thirty Plates 
and Twenty-two Illustrations. 240 pp. 1903. Price 10s. 6d. ; India 
and Colonies, lis.; Other Countries. 12s.; strictly net. 
Contents. 
The Causes of the Contamination or Pit Air— The Means of Preventlngr the 
Dangrers resultinjt from the Contamination of Pit Air— Calculatlnar the Volume 
of Ventilating Current nece5sary to free Pit Air from Contamination— Determination 
of the Resistance Opposed to the Passage of Air through the Pit— Laws of Re- 
sistance and Kormula; therefor Fluctuations in the Temperament or Specific Re- 
sistance of a Pit- Means foi Providing a > entllating Current In the Pit— Mechani- 
cal Vent' lation— Ventilators and Fai.s -Determining the Theoretical, Initial, and 
True (f.ffective) Depression of the Centrifugal Fan— New Types of Centrifugal Fan 
of Small Diameter and t:igh forking Si eed- Ltillslng the Ventilating Current to 
the utmost Advantage and distributii g tl*e same through the Workings Artifici- 
ally retarding the Vtntilt'ting Current— >entilatin(; Preliminary W orkings— Blin(> 
Headings— Separate Ventilation- Supervision of Ventilation— Index. 

HAUCAGE and WINDING APPLIANCES USED IN 
MINES. By Carl Volk. Translated from the German. 
Royal 8vo. With Six Plates and 148 Illustrations. 150 pp. 1903. 
Price 8s. 6d. ; Colonies, 9s.; Oth^ r Countries, 9s. 6d. ; strictly net. 
Contents. 

Haulage Appliunces — Rop s— Haula^^t: Tuhs und Tracks— Cages and Winding Appliances — 
Winding Engines for Vertical Shafts- Winding without Hopes— Haulage in Levels andi 
Inclines— The Working of Underground Engines— Machinery for Downhill Haulage. 

Engineering, Smoke Prevention 
and Metallurgy. 

THE PREVENTION OF SMOKE. Combined with, the 
Economical Combustion of Fuel. By W. C. Popplewell, M.Sc, 
A.M.Inst.. C.E., Consulting Fngineer. Forty-six Illustrations. 190 pp. 
1901. Demy 8vo. Price 7s. 6d. : India and Colonics, 8s.; Other 
Countries, 8s. (fd. , strictly net. 

{For Contents see next page.) 
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Contents. 

Fuel sum! Combustion— Hand Firing in Boiler Furnaces— Stoking by Mechanical Means — 
Powdered Fuel— Gaseous Fuel— Efficiency and Smoke Tests of Boilera— Some Standard 
Smoke Trials— The Ltg/Bd Aspect of the Smoke Question- The Best Means to be adopted for 
the Prevention of Smoke— Index.; 

GAS AND COAL DU3T FIRING. A Critical Review of 
the Various Appliances Patented in Germany for this purpose since 
18S5. By Albert Putsch. 130 pp. Demy 8vo. 1901. Translated 
from the German. With 103 Illustrations. Price 7s. 6d.; India and 
Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 
Contents. 

Generators — Generators Employing Steam — Stirring and Peed R^ulating Appfiances — 
Direct Generators — Burners — Regenerators and Recuperators — Glass Smelting Pumaces — 
Metallurgical Pumaces — Pottery Furnace — Coal Dust Piring — Index. 

THE HARDENING AND TEMPERING OF STEEL 
IN THEORY AND PRACTICE. By Fridolin Reiser. 
Translated from the German of the Third Edition. Crown 8vo. 
120 pp. 1903. Price 5s. ; India and British Colonies, 5s. 6d. ; Other 
Countries, 6s. ; strictly net. 

Contents, 
steel— Chemical and Physical Properties of Steel, and their Casual Connection— 
Classification of Steel accordingr to Use— Testingr the Quality of Steel — Steel- 
Hardenlnir -Investigation of the Causes of Failure in Hardeningr— Re^oeration of 
Steel Spoilt in the f^urnice— Weldinjr Steel— Index. 

SIDEROLOGY: THE SCIENCE OF IRON (The Con- 
stitution of Iron Alloys and Slags). Translated from German of 
Hanns Frbiherr v. Juptner. 350 pp. Demy 6vo. Eleven Plates 
and Ten Illustrations. 1902. Price 10s. 6d. ; India and Colonies, lis. ; 
Other Countries, 12s. ; net. 

Contents. 

The Theory of Solution.— Solutions— Molten Alloys — Varieties of Solutions — Osmotic 
Pressure— Relation bet%%'een Osmotic Pressure and other Properties of Solutions— Osmotic 
Pressure and Molecular Weight of the Dissolved Substance— Solutions of Gases — Solid Solu- 
tions — Solubility— Diffusion— Electrical Conductivity — Constitution of Electrolytes and Metals 
— Thermal Expansion. Microg^phy.— Microstructure— The Micrographic Constituents of 
Iron — Relation between Micrographical Composition, Carbon-Content, and Thermal Treat- 
ment of Iron Alloys— The Microstructure of Slags. Chemical Composition of the Alloys 
of Iron. — Constituents of Iron Alloys — Carbon— Constituents of the Iron Alloys, Carbon — 
Opinions and Researches on Combined Carbon— Opm ions and Researches on Combined 
Carbon — Applying the Curves of Solution deduced from the Curves of Recalescence to the De- 
termination of the Chemical Composition of the Carbon present in Iron Alloys— The Constitu- 
ents of Iron— Iron— The Constituents of Iron Alloys— Manganese— Remaining Constituents of 
Iron Alloys— A Silicon— Gases. The Chemical Composition of Slag.— Silicate Slags- 
Calculating the Composition of Silicate Slags— Phosphate Slags— Oxide Slags— Appendix- 
Index. 

EVAPORATING, CONDENSING AND COOLING AP. 
PARATUS. Explanations, Formulae and Tables for Use 
in Practice. By E. Hausbrand, Engineer. Translated by A. C. 
Wright, M.A. (Oxon.), B.Sc. (Lond.). With Twenty-one illustra- 
tions and Seventy-six Tables. 400 pp. Demy 8vo. 1903. Price 
10s. 6d. ; India and Colonies, lis.; Other Countries, 12s.; net. 
Contents. 

/^^Coefficient of Transmission of Heat, k/, and the Mean Temperature DiRSerence, 9lm — 
Parallel and Opposite Currents— Apparatu8%r Heating with Direct Fire— The Ii^jectioo of 
Saturated Steam— Superheated Steam— Evaporation by Means of Hot Liquids— The Trans 
ference of Heat in General, and Transference by means of Saturated Steam in Particular 
—The Transference of Heat from Saturated Steam in Pipes (Coils) and Double Bottoms 
—Evaporation in a Vacuum— The Multiple-effect Evaporator— Multiple-effect Bvaporators 
from which Extra Steam is Taken— The Weight of Water which must be Evaporated from 



100 Kiloe. of Liquor in order its Original Percentage of Dr>' Materials from 1-25 per cent, 
up to 20-70 per cent.— The Relative Proportion of the Heating Surfaces in the Blements 
or the Multiple Evaporator and their Actual Dimensions— The Pressure Bxerted by Currents 



to 20-70 per cent.— The Relative Proportion of the Heating Surfaces in the Blements 

the Multiple Evaporator and their Actual Dimensions— The Pressure Bxerted by Currents 

of Steam and Gas upon Floating Drops of Water— The Motion of Floating Drops of Water 
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upon which Press Currents of Steam — The Splashing of Evaporating Liquids— The Diameter 



of Pipes for Steam, Alcohol. Vapour and Air— The Diameter of water Pipes— The Loss 
oF Heat from Apparatus and Pipes to the Surrounding Air, and Means tor Preventing 
the Loss — Condensers— Heating Liauids by Means of Steam — The Cooling of Liquids— 
The Volumes to be Exhausted from Condensers by the Air-pumps — A Few Remarks on Air- 
pumps and the Vacua they Produce — The Volumetric Efficiency of Air-pumps — The Volumes 
of Air which must be Exhausted from a Vessel in order to Reduce its Original Pressure to a 
Certain Lower Pressure — Index. 



Dental Metallurgy. 

DENTAL METALLURGY : MANUAL FOR STUDENTS 
AND DENTISTS. By A. B. Griffiths, Ph.D. Demy 
8vo. Thirty-six Illustrations. 190o. 200 pp. Price 7s. 6d. ; India 
and Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 
Contents. 

Introduction — Physical Properties of the Metals — Action of Certain Agents on Metals — 
Alloys — Action of Oral Bacteria on Alloys — Theory and Varieties of Blowpipes — Fluxes — 
Furnaces and Appliances — Heat and Temperature— Gold — Mercury — Silver — Iron — Copper — 
Zinc — Magnesium — Cadmium — Tin— Lead — Aluminium— Antimony — Bismuth — Palladium — 
Ptatinum—Iridium- Nickel— Practical Work— Weights and Measures. 



Plumbing, Decorating, Metal 
Work, etc., etc. 

EXTERNAL PLUMBING WORK. A Treatise on Lead 
Work for Roofs. By John W. Hart, R.P.C. 180 Illustrations. 272 
pp. Demy 8vo. Second Edition Revised. 1902. Price 7s. 6d. ; India 
and Colonies, 8s. ; Other Countries, 8s. 6d. ; strictly net. 
Contents. 

Cast Sheet Lead— Milled Sheet Lead— Roof Cesspool)— Socket Pipes— Drips— Gutters- 
Gutters (continued) — Breaks — Circular Breaks — Flats — Plats (continued) — Rolls on Flats- 
Roll Ends— Roll Intersections— Seam Rolls— Seam Rolls (continued)— Tack Pixinits— Step 
Flashings— Step Flashings (continued)— Secret Gutters— Soakers— Hip and Valley Soakers 
— Dormer Windovv'S- Dormer Windows (continued) — Dormer Tops— Internal Dormers- 
Skylights— Hips and Ridging— Hips and Ridging (continued)— Fixings For Hips and Ridging 
—Ornamental Ridging— Ornamental Curb Rolls — Curb Rolls— Cornices-r-Towers and Finials 
—Towers and Finials (continued)— Towers and Finials(continued)— Domes— Domes (continued) 
—Ornamental Lead Work— Rain Water Heads— Rain Water Heads (continued)— Rain Water 
Heads (continued). 

HINTS TO PLUMBERS ON JOINT WIPING, PIPE 
BENDING AND LEAD BURNING. Third Edition, 
Revised and Corrected. By John W. Hart, R.P.C. 184 Illustrations. 
313 pp. Demy 8vo. 1901. Price 7s. 6d. ; India and Colonics, Ss. ; 
Other Countries, 8s. 6d. ; strictly net. 
Contents. 

Pipe Bending — Pipe Bending (continued) — Pipe Bending (continued) — Square Pipe 
Bendings- Half-circular Elbows — Curved Bends on Square Pipe— Bossed Bends— Curved 
Plinth Bends— Rain-water Shoes on Square Pipe— Curved and Angle Bends — Square Pipe 
Fixings— Joint-wiping — Substitutes for Wiped Joints— Preparing Wiped Joints— Joint Fixings 
—Plumbing Irons — Joint Fixings— Use of "Touch" in Soldering — Underhand Joints— Blown 
and Copper Bit Joints— Branch JoinU- Branch Joints (continued)— Block Joints— Block 
Joints (continued)— Block Fixings— Astragal Joints— Pipe Fixings— Large Branch Joints- 
Large Underhand Joints— Solders— Autogenous Soldering or Lead Burning — Index. 

WORKSHOP WRINKLES for Decorators, Painters, Paper- 
hangers and Others. By W. N. Brown. Crown 8vo. 128 pp. 1901, 
Price 2s. 6d. ; Abroad, 3s. ; strictly net. 
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SANITARY PLUMBING AND DRAINAGE. By John 
W. Hart. Demy 8vo. With 208 Illustrations. 250 pp. 1904. 

[In the press. 
Contents. 

Sanitary Surveys— Drain Testing— Drain Testing with Smoke—Testing Drains with Water 
— Drain Plugs for Testing — Sanitary Defects— Closets— Baths and Lavatories — House Drains 
—Manholes— Iron Soil Pipes— Lead Soil Pipes— Ventilating Pipes— Water-closets— Flush! — 
Cisterns — Baths — Bath Fittings — Lavatories — Lavatory Fittings— Sinks— Was e Pipesn 
Water Supply — Ball Valves — Town House Sanitary Arrangements — Drainage — Jointing 
Pipes— Accessible Drains — Iron Drains— Iron Junctions — Index. 

THE PRINCIPLES AND PRACTICE OF DIPPING, 
BURNISHING, LACQUERING AND BRONZING 
BRASS WARE. By W. Norman Brown. 35 pp. Crown 
8vo. 1900. Price 2s. ; Abroad, 2s. 6d. ; strictly net. 

HOUSE DECORATING AND PAINTING. By W. 

NOR.MAN Brown. Eighty-eight Illustrations. 150 pp. Crown 8vo. 

1900. Price Ss. 6d. ; India and Colonies, 4s. ; Other Countries, 4s. 6d. ; 
strictly net. 

A HISTORY OF DECORATIVE ART. By W. Norman 
Brown. Thirty-nine Illustrations. 96 pp. Crown Svo. 1900. Price 
2s. 6d. ; Abroad, 3s. ; strictly net. 

A HANDBOOK ON JAPANNING AND ENAMELLING 
FOR CYCLES, BEDSTEADS, TINWARE, ETC. By 

William Norman Brown. 52 pp. and Illustrations. Crown Svo. 

1901. Price 2s. ; Abroad, 2s. 6d. ; net. 

THE PRINCIPLES OF HOT WATER SUPPLY. By 

John W. Hart, R.P.C. With 129 Illustrations. 1900. 177 pp., demy 
Svo. Price 7s. 6d. ; India and Colonies, Ss. ; Other Countries, 8s. 6d. ; 
strictly net. 

Contents. 

Water Circulation— The Tank System— Pipes and Joints— The Cylinder System— Boilers 
tor the Cylinder System— The Cylinder System— The Combined Tank and Cylinder System 
—Combined Independent and Kitchen Boiler— Combined Cylinder and Tank System with 
Duplicate Boilers— Indirect Heating and Boiler Explosions- Pipe Boilers— Safety Valves — 
Safety Valves— The American System— Heating Water by Steam— Steam Kettles and Jetn 
— Heating Power of Steam — Covering for Hot Water Pipes — Index. 



Brewing and Botanical. 

HOPS IN THEIR BOTANICAL, AGRICULTORAL 
AND TECHNICAL ASPECT, AND AS AN ARTICLE 
OF COMMERCE. By Emmanuel Gross, Professor at 
the Higher Agricultural College, Tetschen-Liebwerd. Translated 
from the German. Seventy-eight Illustrations. 1900. 340 pp. Demy 
Svo. Price 12s. 6d. ; India and Colonies, 13s. 6d. ; Other Countries, 
15s. ; strictly net. 

Contents. 

HISTORY OF THE HOP— THE HOP PLANT— Introductory— 'iTie Roots— The Stem— 
and Leave? — inflorescence and Flower: Inflorescence and Flower of the Male Hop: In- 
florescence and Flower of the Female Hop — The Fruit and its Glandular Structure: The 
Fruit and Seed— Propagation and Selection of the Hop— Varieties of the Hop : (a) Red Hops ; 



(6) Green Hops ; (c) Pale Green Hops— Classiflcation according to the Period of Ripening : 
Early August Hops; Medium Early Hops; Late Hops— injuries to Growth— Leaves Turning 
Yellow, Summer or Sunbrand, Cones Dropping Off, Honey Dew, Damage from Wind, Hail 
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and Rain ; Vegetable Enemies of the >1op: Animal Enemies of the Hop— Beneficial Insects on 
Hops— CULTIVATION— The Requirements of the Hop in Respect of Climate, Soil and 
Situation: Climate: Soil: Situation — Selection of Variety and Cuttings— Planting a Hop 
Garden : Drainage ; Preparing the Ground ; Marking-out for Planting ; Plantmg ; Cultivation 
and Cropping of the Hop Garden in the First Year— Work to be Performed Annually in the 
Hop Garden: Working the Ground: Cutting: The Non-cutting System: The Proper Per- 
fornuince of the Operation of Cutting : Method of Cutting : Close Cutting, Ordinary Cutting, 
The Long Cut, The Topping Cut ; Proper Se'ison for Cutting : Autumn Cutting, Spring 
Cutting ; Manuring ; Training the Hop Plant : Poled Gardens, Frame Training ; Principal 
Types of Frames : Pruning, Cropping, Topping, and Leaf Stripping the Hop Plant : Picking, 
Drying and Baggmg— Principal and Subsidiary Utilisation of Hops and Hop Gardens — Lil^e 
of a Hop Garden : Subsequent Cropping— Cost of Production, Yield and Selling Prices. 

Preservation and Storag'e— Physical and Chemical Structure of the Hop Cone— Judging 
the Value of Hops. 

OfPl 



Statistics of Production— The Hop Trade— Index. 



Timber and Wood Waste. 

TIMBER : A Comprehensive Study of Wood in all its Aspects 
(Commercial and Botanical), showing the Different Applications and 
Uses of Timber in Various Trades, etc. Translated from the French 
of Paul Charpbntibr. Royal 8vo. 437 pp. 178 Illustrations. 1902. 
Price 12s. 6d. ; India and Colonies. 13s. 6d. ; Other Countries, 15s. ; 
net. 

Contents. 
Physical and Chemical Propertlee of Timber— Composition of the Vegetable Bodies 
— Chief Elements — M. Premy's Researches — Elementary Onians of Plants and especially of 
Forests — Different Parts of Wood Anatomically and Chemically Considered— General Pro- 
perties of Wood— Description of the Different Kinds of Wood— Principal Essences with 
Caducous Leaves— Coniferous Resinous Trees— Division of the Useful Varieties of Timber 
in the Different Countries of the Qiol>e— European Timber— African Timber— Asiatic 
Timber— American Timber— Timber of Oceania— Forests — General Notes as to Forests ; their 
Influence— Opinions as to Sylviculture — Improvement of Forests — Unwooding and Rewoodmg 
— Preservation of Forests— Exploitation of Forests — Damage caused to Forests— Different 
Alterations— The Preservation of Timber— Generalities— Causes and Progress of De- 
terioration — History of Different Proposed Processes— Dessication— Superficial Carbonisation 
of Timber— Processes by Immersion — Generalities as to Antiseptics Employed- Injection 
Processes in Closed Vessels— The Boucherie System, Based upon the Displacement of the 
Sap— Processes for Making Timber Uninflammable— Applications of Timber— Generalities 
— Working Timber— Paving— Timber for Mines— Railway Traverses— Accessory Products— 
Oums — Works of M. Fremy — Resins— Barks — Tan —Application of Cork— The Application of 
Wood to Art and Dveing— Different Applications of Wood— Hard Wood— Distillation of 
Wood— Pyroligneous Acid — Oil of Wood— Distillation of Resins— Index. 

THE UTILISATION OP WOOD WASTE. Translated from 
the German of Ernst Hubbard. Crown 8vo. 192 pp. 1902. Fifty 
Illustrations. Price 5s. ; India and Colonies, 5s. 6d. ; Other Countries, 
68.; net. 

Contents. 

General Remarks on thu Utilisation of Sawdust— Employment of Sawdust as Fuel, 
^ith and without Simultaneous Recovery of Charcoal and the Products of Distillation- 
Manufacture of Oxalic Acid from Sawdust— Process with Soda Lye; Thorn's Process; 
Bohlig's Process— Manufacture of Spirit (Ethyl Alcohol) from Woocf Waste— Patent Dyes 
<Or|(anic Sulphides, Sulphur Dyes, or Mercapto Dyes)— Artiflcial Wood and Plastic Com- 
g>o8itions from Sawdust— Production of ArtiRcial Wood Compositions for Moulded De- 
corations—Employment of Sawdust for Blasting Powders and Gunpowders— Employment 
of Sawdust for Briquettes— Employment of Sawdust m the Ceramic Industry and as an 
Addition to Mortar — Manufacture of Paper Pulp from Wood— Casks— Various Applications 
of Sawdust and Wood Refuse— Calcium Carbide— Manure— Wood Mosaic Plaque»— Bottle 
Stoppers— Parquetry— Fire-lighters— Carborundum— The Production of Wood Wool— Bark— 
index. 
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Building and Architecture. 

THE PREVENTION OF DAMPNESS IN BUILDINGS; 

with Remarks on the Causes, Nature and Effects of Saline, Efflores- 
cences and Dry-rot, for Architects, Builders, Overseers, Plasterers, 
Painters and House Owners. By Adolf Wilhelm Keim. Translated 
from the German of the second revised Edition by M. J. Salter, F.I.C, 
F.C.S. Eight Coloured Plates and Thirteen Illustrations. Crown 8vo. 
115 pp. 1902. Price 5s. ; India and Colonies, Ss. 6d. ; Other Countries, 
6s. ; net. 

Contents. 

The Various Causes of Dampness and Decay of the Masonry of Buildings, and the 
Structural and Hygienic Evils of the Same— Precautionary Measures during Building against 
Dampness and Efflorescence — Methods of Remedying Dampness and Efflorescences m the 
Walls of Old Buildings— The Artificial Drying of New Houses, as well as Old Damp D\(ellings, 
and the Theory of the Hardening of Mortar— New, Certain and Permanently EfFctent 
Methods for Drying Old Damp Walls and D\\ ellings— The Cause and Origin of Dry-rot : its 
Injurious Effect on Health, its Destructixe Action on Buildings, and its Successful Repres- 
sion — Methods of Preventing Dry-rot to be Adopted During Construction— Old Methods 
of Prexenting Dry-rot— Recent and More Efficient Remedies for Dry-rot— Index. 

HANDBOOK OF TECHNICAL TERMS USED IN ARCHI- 
TECTURE AND BUILDING, AND THEIR ALLIED 
TRADES AND SUBJECTS. By Augustine C. Passmore. 

Demy Svo. 380 pp. [In the press. 



Foods and Sweetmeats. 

THE MANUFACTURE OF PRESERVED FOODS AND 
SWEETMEATS. By A. Hausner. With Twenty-eight 
Illustrations. Translated from the German of the third enlarged 
Edition. Crown Svo. 225 pp. 1902. Price 7s. 6d. ; India and 
Colonies, 8s. ; Other Countries, 8s. 6d. ; net. 

Contents. 

The Manufacture of Conserves— Introduction— The Causes of the Putrefaction of Food 
—The Chemical Composition of Foods— The Products of Decomposition— The Causes of Fer- 
mentation and Putrefaction— Preservative Bodies— The Various Methods of Preserving Food 
—The Preserv ation of Animal Food— Preserving Meat by Means of Ice— The Preservation 
of Meat by Charcoal— Preservation of Meat by Drying— The Preservation of Meat by the 
Exclusion of Air— The Appert Method— Preserving Flesh bjr Smokmg— Quick Smoking— Pre- 
serving Meat with Salt— Quick Salting by Air Pressure- Quick Salting by Liquid Pressure— 
Gamgee's Method of Preserving Meat— The Preservation of EggSr- Preservation of White 
and Volk of Egg— Milk Preservation— Condensed Milk— The Preservation of Fat— Manu- 
facture of Soup Tablets— Meat Biscuits— Extract of Beef— The Preservation of Vegetable 
Foods in General— Compressing Vegetables— Preservation of Vegetables by Appert's Method 
—The Preservation of Fruit— Preservation of Fruit by Storage— The Preservation of Fruit 
by Drying— Drying Fruit by Artificial Heat— Roasting Fruit— The Preservation of Fruit with 
Sugai^ Boiled Preserved Fruit- The Preservation of Fruit in Spirit, Acetic Acid or Givcerine 
—Preservation of Fruit without Boiling— Jam Manufacture— The Manufacture of Fruit 
Jellies— The Making of Gelatine Jellies— The Manufacture of " Sulzen "— The Preservation of 
Fermented Beverages— The Manufacture of Candlea— Introduction— The Manufacture of 
Candied Fruit— The Manufacture of Boiled Sugar and Caramel— The Candying of Fruit— 
Caramelised Fruit— The Manufacture of Sugar Sticks, or Baricy Sugar-Bonbon Making 
Fruit Drops— The Manufacture of Drag^es— The Machinery and Appliances used in Candy 
Manufacture— Dyeing Candies and Bonbons— Essential Oils used in Candy Making— Fruit 
Essences— The Manufacture of Filled Bonbons, Liqueur Bonbons and Stamped Losenges— 
Recipes for Jams and Jellies— Recipes for Bonbon Making— Dragdes— Appendix— Index. 
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Dyeing Fancy Goods. 

THE ART OF DYEING AND STAINING MARBLE, 
ARTIFICIAL STONE, BONE, HORN, IVORY AND 
WOOD, AND OF IMITATING ALL SORTS OF 
WOOD. A Practical Handbook for the Use of Joiners, 
Turners, Manufacturers of Fancy Gockls, Stick and Umbrella Makers, 
Comb Makers, etc. Translated from the German of D. H. Soxhlbt, 
Technical Chemist. Crown 8vo. 168 pp. 1902. Price 5s. ; India and 
Colonies, 5s. 6d. ; Other Countries, 6s. ; net. 
Contents. 

Monlants and Stains — Natural Dyes— Artificial Pigments— Coal Tar Dyes — Staining 
Marble and Artificial Stone— Dyeing, Bleaching and Imitation of Bone, Horn and Ivorv— 
Imitation oF Tortoiaeshell for Combs: Yellows, Dyeing Nuts — H'ory — Wood Dyeing— Imitation 
of Mahogany : Dark Walnut, Oak, Birch-Bark, Elder- Marquetry, Walnut, Walnut-Marquetry, 
Mahogany, Spanish Mahogany, Palisander and Rose Wood, Tortoiseshell, Oak, Ebony, Pear 
Tree — Black Dyeint( Processes with Penetrating Colours —Varnishes and Polishes: English 
Furniture Polish, Vienna Furniture Polish, Amber Varnish, Copal Varnish, Composition for 
Preserving Furniture— Index. 

Lithography, Printing and 
Engraving. 

PRACTICAL LITHOGRAPHY. By Alfred Seymour. 
Demy 8vo. With Frontispiece and 33 lllus. 120 pp. 1903. Price 
5s. ; Colonies, 5s. 6d. ; Other Countries, 6s. ; net. 
Contents. 

Stones — Transfer Inks— Transfer Papers— Transfer Printing— Litho Press— Press Work- 
Machine Printing — Colour Printing— Substitutes for Lithographic Stones— Tin Plate Printing 
and Decoration— Photo-Lithography. 

PRINTERS' AND STATIONERS' READY RECKONER 
AND COMPENDIUM. Compiled by Victor Graham. 

Crown 8vo. 1904. [In the press. 

Contents. 

Price of Paper per Sheet, Quire, Ream and Lb.— Cost of 100 to 1000 Sheets at various 
Sizes and Prices per Ream— Cost of Cards— Quantity Table— Sizes and Weights of Paper. 
Cards, etc.— Notes on Account Books^Discount Tables— Sizes of spaces — Leads to a lb.— 
Dictionary— .Measure for Bookwork— Correcting Proofs, etc. 

ENGRAVING FOR ILLUSTRATION. HISTORICAL 
AND PRACTICAL NOTES. By J. Kirkbride. 72 pp. 
Two Plates and 6 Illustrations. Crown 8vo. 1903. Price 2s. 6d. ; 
Abroad, 3s. ; strictly net. 

Contents. 

Its Inception— Wood Bngraving— Metal Bngraving— Bngniving in Bngland— Etching- 
Mezzotint — Photo-Process Engraving — The engraver's Task — Appreciative Criticism — 
Index. 



Bookbinding. 



PRACTICAL BOOKBINDING. By Paul Adam. Translated 
from the German. Crown 8vo. 180 pp. 127 Illustrations. 1903. Price 
5s. ; Colonies, 5s. 6d. ; Other Countries, 6s. ; net. 
Contents. 

Matenals for Sewin^^ and Pasting— Materials for Covering the Book— Materials for 
Decorating and Finishing — Tools— General Preparatory Work — Sewing — Forwarding, 
Cutting;, Rounding and Backing— Forwarding, Decoration of Edges and Headbanding— 
Boarding— Preparing the Cover— Work with the Blocking Press— Treatment of Sewn Books, 
Fastening in Covers, and Finishing Off— Handtooling and Other Decoration— Account Books 
—School Books, Mounting Maps, Drawings, etc.— Index. 
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Sugar Refining. 



THE TECHNOLOGY OP SUGAR: Practical Treatise on 
the Modern Methods of Manufacture of Sugar from the Sugar Cane and 
Sugar Beet. By John Gbddbs McIntosh. Demy 8vo. 83 Illus- 
trations. 420 pp. Seventy-six Tables. 1903. Price 10s. 6d. ; Colonies^ 
lis. ; Other Countries, 12s. ; net. 

{See " Evaporating^ Condensing^ etc.^ Apparatus" p. 26.) 
Contents. 

Chemistry oF Sucrose, Lactose, Maltose, Glucose, Invert Sugar, etc. — Purchase and 
Analysis of Beets— Treatment of Beets— Diffusion— Filtration —Concentration— Evaporation — 
Sugar Cane : Cultivation— Milling— Diffusion -Sugar Refining— Analysis of Raw Sugars- 
Chemistry of Molasses, etc. 

Bibliography. 

CLASSIFIED GUIDE TO TECHNICAL AND COM> 
MERCIAL BOOKS. Compiled by Edgar Greenwood. 
Demy 8vo. Id04. Being a Subject-list of the Principal British and 
American Books in print ; giving Title, Author, Size, Date, Publisher 
and Price. [In the press. 

Contents. 

Agriculture — Architecture — Art — Book Production — Building— Chemicals— Commercial 
—Electricity — Engineering— Farming — Gardening — Glass — Hygiene — Legal (not pur* Law) — 
Metallurgy — Mining — Military — IVIusic — Naval — Oils — Paints — Photograp'iy — Physical 
Traininjg— Plumbing — Pottery — Printing — Public Health — Railways — Roads — Soapi^ — 
Surveymg— Teaching — Textile— Veterinary — Water— InJex. etc.. etc 

Textile Soaps and Oils. 

HANDBOOK ON THE PREPARATION, PROPERTIES 
AND ANALYSIS OF THE SOAPS AND OILS USED 
IN TEXTILE MANUFACTURING, DYEING AND 
PRINTING. By George H. Hurst, F.C.S. 

[In the press. 
Contents. 

Methods of Making Soaps— Hard Soap— Soft Soap. Special Textile Soaps— Wool 
Soaps— Calico Printers' Soaps— Dyers' Soaps. Relation of Soap to Water for Industrial 
Purposes — Treating Waste Soap Liquors — Boiled Off Liquor — Calico Printers and Dyers* 
Soap Liquors— Soap Analysis -Fat in Soap. 

ANIMAL AND VEGETABLE OILS AND FATS— Tallow— Lard— Bon<» Grease- 
Tallow Oil. Vesretable Soap, Oils and Fats— Palm Oil— Coco-nut Oil— Olive Oil— Cotton- 
seed Oil— Linseed Oil— Castor Oil— Corn Oil— Whale Oil or Train Oil— Repe Oil. 

GLYCERINE. 

TEXTILE OILS— Oleic Acid— Blended Wool Oils— Oils for Cotton Dyeing, Printing and 
Finishing— Turkey Red Oil— Alixarine Oil— Oleine— Oxy Turkey Red Oils— Soluble Oil- 
Analysis of Turkey Red Oil— Finisher's Soluble Oil— Finisher's Soap Softening — Testing and 
Adulteration of Oils — Index. 



Scott, Greenwood & Co. will forward any of the above Books, post 
free, upon receipt of remittance at the published price, or they can be obtained 
through all Booksellers. 

Full List of Contents of any of the books will be sent on application, and 
particulars of books in the press will be sent when ready to persons sending 
name and address. 

SCOTT, GREENWOOD & CO., 

XTecbntcal JSooft publidbers, 

19 LUDGATE HILL, i.ONDON, E.G. 
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